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Abstract

In this thesis, a search for CP violation in AY — pK~ and A — pr~ decays using the full
Run 1+2 dataset gathered by the LHCb experiment is presented. The sample corresponds
to an integrated luminosity of 9fb™" of proton-proton collisions at centre-of-mass energies
of 7, 8 and 13TeV, collected between 2011 and 2018. Several corrections accounting
for particle identification, trigger, AY production, as well as detection asymmetries of
final-state particles are needed to extract the physical CP asymmetries and are determined
in this thesis. The CP asymmetries corresponding to the Run 1 dataset are measured to
be

Acp(pK ™) = (0.09 % 1.53 4 0.72)%,
Acp(pﬂ'i) = (—052 +1.89 £+ 056)%,

where the first uncertainty is statistical and the second systematic. The results are
compatible with the ones from a previous iteration of the analysis and supersede them
thanks to a significant reduction in the systematic uncertainties. The CP asymmetries
corresponding to the Run 2 dataset are measured to be

Acp(pK™) = (=1.45 +0.75 + 0.43)%,
Acp(pr™) = (0.34 % 0.95 + 0.43)%.

When combining the values from Run 1 and Run 2 the following values are found

Acp(pK™) = (—1.12 4 0.67 + 0.36)%,
Acp(pr™) = (0.15 £ 0.85 + 0.36)%,

which are the world-best measurements of these asymmetries from a single experiment to
date, and are compatible with the CP symmetry conservation hypothesis within 1.50 and
0.20, respectively.






Contents

Introduction|

(1 Theory of CP violation in the Standard Model|

[2.3.2  The Trigger Iracker|. . . . . . . ... ... ... ... ... ...
[2.3.3  The tracking stations| . . . . . . . . . .. ... ... ... ...
2.3.4 Themagnet| . . . . . . . ... ... ...

2.4 'The LHCb particle identification system| . . . . . . ... ... ... ...
241 The RICH detectorsl . . . . ... ... ... .. ...

2.4.3 The muon system| . . . . . . . .. .. ... ... ..
2.5 The LHCDb trigger| . . . . . . . . . . .. . .
2.5.1 Level-0 trigger|. . . . . . . . . . ... ... .
[2.5.2  High Level Trigger 1| . . . . . . . .. ... ... ... ... ...
[2.5.3  High Level Trigger 2| . . . . . ... ... ... ... ... .....

13 Measurement of Acp(pK~) and Acp(pr—)|
[3.1 Analysis strategy| . . . . . . . ...

[3.2.1 Stripping preselection|. . . . . . . . ..o
[3.2.2  Trigger selectionl. . . . . . . ... ..o
[3.2.3  Simulated samples| . . . ... ...
(3.3 PID calibrationl . . . . . . .. .. oo
[3.3.1 Calibration samples|. . . . . .. ... ... ... ... ... ...,
[3.3.2  Calibration procedurel . . . . . ... ... ... ... ... ....




Contents

[3.4.1  Signal modell . . . ...
[3.4.2  Cross-feed background modell . . . . .. ... ... ... ... ..
[3.4.3  Partially reconstructed multi-body H} decays| . . . .. ... ...
[3.4.4  Combinatorial background model . . . . . . ... ... ... ...
[3.5  Offline selection optimization| . . . . . . . . ... ... ... ... ....
[3.5.1 BDT training| . . . . . ... ... ... oL
[3.5.2  Optimization procedure| . . . . . . . . . . . ... ... ... ...
3.6 Modification to the invariant-mass modell . . . . . .. . .. ... ...

[3.7.1 Fast toy studies| . . . . . ... ... Lo
[3.8  Fit model systematic uncertainties| . . . . .. ... ... 00000
[3.9 Interaction asymmetries| . . . . . . ... ...
[3.9.1 Pion detection asymmetry| . . . . . . . ... ... L.
[3.9.2  Kaon detection asymmetry[. . . . . .. ..o
[3.9.3  Proton detection asymmetryl . . . . . .. ... ... L.
[3.10 PID asymmetries| . . . . . . . . ... o
[3.11 Determination of trigger-induced asymmetries| . . . . . . . .. ... ...
[3.11.1 TIS asymmetry] . . . . . . .. .. .. ..o
[3.11.2 TOS asymmetry|. . . . . . .. . . . . .. ... ...
3.12 Run 1 AY production asymmetry| . . . . .. ... ... ... ... ...
3.13 Asymmetries of the Ay — A7~ sample| . . . . . ... ... ...
[3.14 Combination of corrections to the raw asymmetries| . . . . . . . . . . ..

Conclusions|

(A Fits for the TIS asymmetry|

(B LO Et efficiencies|

|C HLT1 pr — log(xip) efficiencies

D AV Afr fity

[EE Acp scatter plots|

(Bibliography|

125

151

177

191

205

211

227



Introduction

The violation of the CP symmetry (CPV) is described in the Standard Model (SM)
through the presence of a complex phase in the Cabibbo-Kobayashi-Maskawa (CKM)
matrix, that describes the transitions between up- and down-type quarks [1,[2]. However,
the amount of CPV currently observed in the SM is not sufficient to justify the observed
baryon asymmetry of the Universe, which can be explained if three conditions are met [3]:

B non-conservation obviously, the baryon number must not be a conserved quantity for
an asymmetry between matter and antimatter to appear; currently, the conservation
of B is a weak symmetry in the SM, justified simply by the lack of evidence of its
violation;

C and CP violation the need for C' symmetry violation is clear, as any process
X — Y + Z would otherwise be counterbalanced by the C-conjugate X — Y + Z;
but CP violation is also needed: if we consider as an example the decay of a particle
X to a pair of left-handed (right-handed) quarks qrqr, (grqr), then CP conservation
would imply T'(X — q1q1) + T(X = qrqr) = T(X = 3.q;) + (X = GrQg), i.e. no
baryon asymmetry would be created;

Loss of thermal equilibrium this is needed because if the Universe was at thermal
equilibrium any process that could introduce an imbalance between baryons and
antibaryons would be countered by the opposite process, thus restoring equilibrium;

The first observation of CPV dates back to the 1960s in neutral kaon decays 4], and
much later was also observed in the B? [5,6], B? [7], and BT systems [8]. In 2019 the LHCb
collaboration reported also the first observation of CPV in charm decays [9]. To date,
however, CPV is still unobserved in the baryon sector. In 2016 the LHCb collaboration
reported an evidence of CPV in the A) — pr~ 7" 7~ decays |10] with a significance of 3.30,
but the updated measurement did not confirm the evidence |11].

The decays of the A) (bud) baryon to two-body charmless final states, pK~ or pr—,
are a promising place to search for CPV that may arise from the interference between
tree and penguin topologies that contribute to the decay amplitudes, given a nonzero
strong and weak relative phases. Examples of Feynman diagrams contributing to the
A) — pK~ and A) — prn~ decays are shown in Fig. . Theoretical computations of
branching fractions and CP asymmetries for these two decays have been performed only in
recent times, and they tend to predict values for Acp of the order of a couple of percents
for both channels, although with large uncertainties in some cases. Experimentally, the
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Figure 1: Examples of Feynman diagrams representing (top left) the penguin EW topology, (top
right) the penguin QCD topology and (bottom) the tree-level topology contributing to A) — pK~
(b — sut transition) and AY — pr~ decays (b — duw transition).

Table 1: Current knowledge of direct CP asymmetries in A2—> pK~ and A2—> pr~ decays. The
measurements are performed by the CDF [12] and LHCb [13] collaborations. The last column
reports the world averages computed by the Particle Data Group [14].

CDF LHCb PDG average

Acp(pK™) (—10+£8+4)% (-2.0+1.3+£1.9% (—2.5+25)%
Acp(pr™)  ( 6+£T7£3)% (=35+£1.7£2.0)% (—2.5+22)%

CP asymmetries have been measured by the CDF [12] and LHCb [13] collaborations, as
summarised in Table[I} the latter result dominates the world average, which is compatible
with the no-CPV hypothesis. With the addition of Run2 statistics and new developments
in the determination of nuisance asymmetries, a significant reduction of the uncertainties
can be achieved, opening the possibility to observe CPV. Even in the case CPV would
not be observed, more precise determinations of the CP asymmetries in A) — pK~ and
AY — pr~ decays remain interesting as an input to the theoretical models used to deal
with the effect of residual strong interaction in hadronic A decays, that represent the
main source of theoretical uncertainties.

In this document, a measurement of Acp(pK~) and Acp(pr~) using the full Run
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142 dataset collected by the LHCb experiment will be presented, with a sample size
corresponding to 9fb ™! of pp collisions at centre-of-mass energies of 7, 8 and 13 TeV. The
document is structured in three chapters: in Chapter [I} a theoretical description of CP
violation in the SM will be presented, together with a focus on two-body charmless decays
of b-hadrons that constitute the topic of the analysis; in Chapter [2 the LHCb detector
will be described in detail, explaining the various components that allow it to reconstruct
the decay products of b- and c-hadrons, as well as the dedicated variables and trigger
components that will be used in the analysis; finally, in Chapter [3] the analysis will be
discussed, starting from the strategy and going through the data selection, the calibration
of the particle identification efficiencies, the definition of the invariant-mass models used
to extract the signal yields with maximum-likelihood fits, the computation of all the
nuisance experimental asymmetries, and the determination of the final result.
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Chapter 1

Theory of CP violation in the Standard Model

The Standard Model (SM) of particle physics describes three of the four fundamental
interactions with the exception of gravity, i.e. the electromagnetic, weak, and strong
interaction. The SM is formulated as a quantum field theory describing the dynamics of
all particles, both elementary and composite.

There are 25 fundamental particles in the SM: 6 quarks (u, d, ¢, s, b, t), 6 leptons (e,
Ve, Ity Uy, T, V), 8 massless bosons of the strong interaction (g), 3 massive bosons of the
weak interaction (W™, W=, Z°), 1 massless boson of the electromagnetic interaction (v),
and 1 massive Higgs boson (H ), responsible for the masses of all particles interacting with
its field. Fermions, which include quarks and leptons, are grouped into multiplets based
on the symmetries of the underlying Yang-Mills theories, as shown in Table [I.1] Each
interaction if based on a symmetry group: SU(3) for the strong inteaction, SU(2) for the
weak interaction, and U(1) for the electromagnetic interaction.

The electric charge of each particle can be obtained from the Gell-Mann—Nishijima [15|
16] formula @ = T35 + Y/2, where T3 is the third component of the weak isospin. The
electric charges come out to be —|g.| for leptons, 0 for neutrinos, +2/3|q.| for up-quarks
and —1/3|q.| for down-quarks.

1.1 The GWS model of electroweak interactions

In the SM, the electromagnetic and weak interaction are unified into the electroweak
interaction by the Glashow—Weinberg—Salam (GWS) model [17-19], which describes the
dynamics and the interactions with other particles of the 4 electroweak gauge bosons. The
model can be showcased by writing the following Lagrangian [20,21]:

L=CLx+Ly+Ly+ Ly, (1.1)

where Lk is the kinetic term, £, the gauge term, Ly the Higgs term, and Ly the Yukawa
term. The kinetic term starts in the form of a free propagator of massless particles:

Ly = "y, (1.2)

where 7, are the four Dirac matrices, 1 = 1190, and the spinor fields v, of which there are
three generations, consist of the five representations shown in Table . Equation (1.2

11



Chapter 1. Theory of CP violation in the Standard Model

Table 1.1: Arrangement of the SM fundamental particles in multiplets. The superscript ¢ spans
over the three generations of particles.

Multiplet Symbol SU(3) charge SU(2) charge Hypercharge
Left-handed fermions o 1 2 -1
Right-handed fermions 0y 1 1 -2
Left-handed quarks qt 3 2 1/3
Right-handed up-quarks u'y 3 1 4/3
Right-handed down-quarks diy 3 1 -2/3

can be made gauge-invariant by substituting the partial derivative with the covariant
derivative, defined as

DF = 0" + ig,GE N, + igW}'o, + ig' B'Y, (1.3)

where A, are the 8 Gell-Mann matrices, o3, the 3 Pauli matrices, G#, W/, and B* are
respectively the fields for the gluons, the weak bosons, and the hypercharge boson, while
Js, g, and ¢ are three coupling constants. With this modification, the kinetic term also
acquires interaction terms with the gauge bosons; for example, we can write explicitly the
coupling to the left-handed quarks:

Lx(qr) = iqeD"vuqr

=g (0" + 1gsGE N, + igW /oy +ig' B"Y ) y,q1.- (1.4)
The gauge term encodes the interaction amogn the gauge bosons:
Ly = —iGzyG“W — iwjjuwbw - }lBWBW, (1.5)
where
G = Q'GY — "G + g, f*GIGY, (1.6)
WO = grWy — "W + ge™WrGY, (1.7)
B" =0"B” — 0"B*, (1.8)

bed

are the strentgh tensors of the three gauge fields, and f®¢ and £ are respectively the

structure constants of SU(3) and SU(2).
The third piece is the Higgs field term, which is responsible for the mass of all particles;
it is defined as

Ly = (Dud)'(D"¢) = V(9)
= (Du®)'(D"9) — p*'d — MoT0)%, (1.9)

with ¢ = (¢, ¢°) being a scalar isospin doublet. The potential V(¢) has an infinite
number of minimum states satisfying ¢'¢ = p?/\ = v?/2, with v ~ 246 GeV the vacuum
expectation value of ¢. Thanks to this, the number of degrees of freedom of the scalar
field can be reduced to one by expanding it around one particular minimum state:

b= % (U fH) . (1.10)

12



1.1. The GWS model of electroweak interactions

A massive scalar field H, called the Higgs boson, appears as a result of the spontaneous
breaking of the SU(2) symmetry due to the particular choice of the vacuum state. This
process takes the name of the Higgs mechanism, although it was simultaneous developed
also by Englert, Brout, Guralnik, Hagen, and Kibble [22-24]. With this new addition, the
first term in Equation (1.9) can be modified to show an interaction between the Higgs
field and four new gauge bosons, obtained as the following combinations of the initially
massless W}' and B* fields:

W = Wi oWy (1.11)
# N
Zr\  (cosby —sinfy\ (WL
(A”) B (sinQW cos Oy ) (B“ ’ (1.12)

where sin Oy = g/+/g% + g’2. These four bosons are respectively the W=, the Z°, and the

photon ~, and they acquire masses of vg/2, v/g? + ¢’?/2, and 0, respectively.
Finally, the last piece of the SM Lagrangian is the Yukawa term, which contains the
interaction between the fermions and the Higgs field:

EY = —(K?q_qubde + Y;;LQ_LZ(Z;UR] + Y;ﬁEzQ%RJ + h.C.), (1.13)

where qg = 109¢", “h.c.” stands for hermitian conjugate, and Yg, Y7, and ng are the
3 x 3 complex Yukawa matrices: After the breaking of the electroweak symmetry and the
substitution of ¢ from Equation ([1.10)),the Yukawa term becomes (we focus just on the

quarks from now on):
‘CY = _( dq_Lz¢dR] + YuQLz¢uRj + h.c. )

= (Vi + 5V

where mass terms for the fermions have appeared; the physical states can then be made
visible by diagonalizing the Yukawa matrices with four unitary matrices:

Y Surugj + h.c. + interaction terms), (1.14)

M= %vﬁydvg*, M= %vng}g*. (1.15)

If we now write explicitly the two isospin components of the left-handed quarks, i.e.
qr = (ur,dy), Equation (|1.14)) becomes (exploiting the unitarity condition V' ’?Vg ’g =1):

Ly = —(dp,VVEMIVIVAdR +ar, VT VEMEVE Visug; + he. + ...
= —(d, Midp; + vl Mg, +he +...), (1.16)

where we defined the quark mass eigenstates

= VLdz'jdLj, dri = Vélidej (1.17)

! _ u _ u

If we express the SM Lagrangian in terms of the quark mass eigentstates instead of the
weak interaction eigenstates, a fundamental change happens in the interaction mediated

13



Chapter 1. Theory of CP violation in the Standard Model

*
‘/cb cb

w w

Figure 1.1: Feynman diagram describing the role of the CKM matrix entries in a charged-current
quark transition.

by the W# boson (also called charged-current interaction):

cc g __ — g = L +
K = EULZ-’YMWH dLi —|— ﬁdLﬂl Wﬂ Ur; + e
= L (VW + LTV W+ (119)

V2 V2

i.e. the possibility to mix between quark families opens up. The probability of the transition
is encoded in the so called 3 x 3 Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing
matrix [1}2]

Vorm = VEVA, (1.20)

It is chosen by convention to set the interaction and mass eigenstates equal for up-type
quark, while for down-type quarks these are related by:

d Vud Vus Vub d,
s =V Vos Ve s’ (1.21)
b Via Vis V) \V

This notation makes clear that the elements of the CKM matrix (|1.21) act as propor-
tionality constants of the amplitude of a charged-current transition between a down-type
quark and an up-type quark, while the amplitudes related to antiquarks are proportional
to the entries of Viiky. This is shown in Figure [I.1]

1.2 The CKM matrix

The magnitudes of the elements of the CKM matrix V;; correspond to the probabilities of a
charged-current transition from a quark ¢ to a quark j. The elements can be parametrised
with a certain number of free parameters. Any N x N complex unitary matrix can be
completely described with $N(N — 1) angles and 1(N — 1)(N — 2) phases. For N = 3,
this means 3 Euler angles 6,, 0;, 63, and a single phase 4. Using the notation s;; = sin 6,

14



1.2. The CKM matrix

¢ij = cos;;, a possible parameterization of the CKM matrix is:

1 0 0 C13 0 8136_21(s C12 S12 0
Vekm = | 0 o3 823 0 1 0 —s12 c12 0
0 —S8923  Co3 —813€i5 0 C13 0 0 1
C12C13 S12€C13 si1ze” "

= —812023—012823513€i5 C12023—512823513€i5 S$23C13 | - (1-22)
512523 — 01202:3=913€i(S —C12823 — 8120238136i5 C23C13

The magnitude of the elements of the CKM matrix can be measured by studying SM
processes involving the corresponding quarks [25] The latest results can be summarised as
follows:

|V.,4| can be obtained from meaurements of the neutron lifetime and branching fractions
of pion decays; the currently most precise results come from superallowed 07 — 0%
nuclear beta-decays [26] and yield

V,,| = 0.97373 & 0.00031;

|V.s| can be obtained in several ways: by studying semileptonic K-decays such as
KY— mev, K — muv, K* — n%*v, and K* — 7% *v, which yield the prod-
uct of V,; and the kaon form factors at ¢*> = 0 |27]; and by computing the kaon and
pion decay constants to get |V, /V. | [28]; the current best estimate comes from
averaging these two results:

IV,,.| = 0.2243 £ 0.0008;

|V.,] can be obtained in three ways: with a study of inclusive B — X, (7, decays; by
measuring such decays exclusively, the most promising being B — 7¢7,; and by
combining measurements of different branching fractions to get |V,,|/|V,|; the
current experimental average combines the exclusive and inclusive results, while
using the ratio information as a cross-check [29], resulting in

V| = (3.82£0.20) x 107%

|V.;| was originally measured by analysing charm production in neutrino and antineu-
trino scattering on nuclei [30]; nowadays, more direct results can be obtain from
semileptonic and leptonic charm decays, e.g. D— (K, 7)lv and D™ — (ut,77)v; all
the three methods can be combined to obtain the most precise estimate [29,31|

V., = 0.221 + 0.004;

|V.,| governs the dominant decay mode of the charm quark, and its magnitude can be
measured with semileptonic D decays or leptonic D, decays using external inputs for
the form factors and decay constants; both these methods are averaged for maximum
precision [29):
|V.s| = 0.975 %+ 0.006;

15



Chapter 1. Theory of CP violation in the Standard Model

|V.,| can be obtained, much like |V, |, by measuring exclusive and inclusive decays of
B-mesons to open charm final states and combining the results to get the value [32]

IV, = (40.8 £ 1.4) x 1073

|Vi4ls |Vis| cannot be precisely measured at tree-level due to the extremely low chance of
the top quark to decay to anything other than a b quark. therefore their values must
be inferred with indirect measurements; some examples of processes allowing access
to V,, and V,, are B-B oscillations [33], B— X,v decays [34,135], and the ratios of
branching fractions of B— py and B— K*v decays; the current best estimates are

Vgl = (8.6£0.2) x 107 |V,,| = (41.54£0.9) x 107

V.| limits where set at the Tevatron computing the ratios B(t— Wb)/B(t— Wq) |36,
th
37|, while it is now measured directly at the LHC by studying single top quark
production [38]; the combination of the two methods is used as the world average:

V,,| = 1.014 + 0.029.

A global picture of the CKM matrix can be built by performing a global fit of all available
measurements, and including the unitarity condition as a constraint. The final result is
the following [32]

0.97435(16) 0.22500(67) 0.00369(11)
Vo] = | 0.22486(67) 0.97349(16)  0.04182/*%) (1.23)

(+20) (+83) (+31)
0.00857( %)  0.04110{'7) 0.999118" 5

The presence of the complex phase ¢ in Equation allows for CP symmetry to be
violated (N = 3 is the lowest possible number of fermion generations to have a phase
appear in the CKM matrix), but it is not a sufficient condition; a relation between the
quark masses and the elementes of the matrix must also hold [39):

Jop (m? — m2) (mt2 — m2) (mg — mi) (mg — m2) (mg — mfl) (m2 mfl) #0, (1.24)

c u s s

where
Jep = [Im (ViaVisVisVie) | (i # G # 8) (1.25)

is called the Jarlskog invariant. Equation (1.24]) implicitly contains all the necessary
conditions for CP violation to arise in the SM:

1. my # me # my, mq # mgs # my, i.e. there should not be mass degeneracy within up-
and down-type quarks;

2. The three mixing angles 60y, 65, and 63 should not be 0 or ;

3. The phase ¢ should not be 0 or 7.

16



1.2. The CKM matrix

Inspecting the CKM matrix reported in , it can be seen that the elements on the
diagonal are close to 1, and that they get smaller the further away from the main diagonal,
indicating a less common transition between different quark families. This hierarchy can
be made more evident by employing the so-called Wolfenstein parameterisationﬂ [40]. Tt is
based on the four parameters A, A, p, and 7, defined by

Vus
AN=s519 = [V ~ 0.22, (1.26)
|Vu0l|2 + ‘VUS|2
Ve
AN =593 = )\’ ° |~ 0.04, (1.27)
vud
AN (p+in) = s13e” = Vi ~ 4 x 1072 (1.28)

With these definitions, the CKM matrix can be written as a power series of A. For example,
if we go up to third order we get

1—\2/2 A AN3 (p —in)
Vexm = - 1—A2/2 AN? +0(\Y); (1.29)
AN (1 —p—in) —AN 1

the hierarchy is clearly visible now: the elements on the main diagonal are 1 at leading
order, while we have to reach third order to see the first non-vanishing elements in the
off-diagonal places.

The unitarity condition of the CKM matrix, V;;V;; = d;; and Viij’; = 0k, leads to 12
equations relating the matrix entries, three sums equalling 1 in the main diagonal and the
remaining ones summing to 0. The latter can be geometrically interpreted as the vanishing
sums of three complex numbers, i.e. as triangles in the complex plane which all share the
same area of Jop/2. Two of these equations are particularly interesting, as they contain
terms of the same order in A:

ViV, +VedVa+ ViV =0, (1.30)
~—— S~—— S~—~—

AN3 (p+in) —AN3 AN3(1—p—in)
VadVia +VasVis+ ViV =0 (1.31)
S~—— S~—— S——

AN3(1—p—in) —AN3 AX3(p+in)

The triangle defined by Equation is used as a benchmark to constrain the parameters
of the CKM matrix and is referred to as the Unitary Triangle (UT). If we divide all its
sides by V.4V, its vertices move to (0,0), (1,0), and (p,7) = (p(1 — A2/2),n(1 — \?/2)),
while the internal angles are:

a = arg (—%) A arg (—M) : (1.32)

VauaViiy p+in
) = ()
—arg| ———=2 | marg | ———— |, 1.33
0 g( ViaViy A (1:33)
v = arg (— EZ;}:’) ~ arg (p+in). (1.34)

!Bear in mind that any parameterisation of the CKM matrix is arbitrary and none is intrinsically better;
on the other hand, some parameterisations can be more insightful than others from a phenomenological
point of view.

17



Chapter 1. Theory of CP violation in the Standard Model

(0,0) (1,0) R(z)

Figure 1.2: Graphical representation of the unitary triangle defined by Equation ((1.30]) in the
complex plane.
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Figure 1.3: Current experimental status of the properties of the unitary triangle [41].

The UT is shown in Figure [I.2] while the most recent experimental constraints, obtained
combining the measurements of several different observables, are reported in Figure [1.3]

The presence of the complex phase in the CKM matrix opens the possibility for CP
symmetry to be violated in the charged-current quark interactions. On a more general
basis [42], CP violation depends on the existence of more than one amplitude for the
same process, with different weak and strong phases. The name “weak” and “strong” do
not refer to the interaction responsible for it, but only to their behaviour under a CP
transformation: we call weak the CP-odd phases and strong the CP-even ones.

Weak phases can originate as complex couplings in the Lagrangian, as they do for

18



1.3. Two-body b-hadron decays

example in the Fermi theory of the neutron decay with the vector and axial components
of the hadronic current [43]. Another possibility is to appear as a complex phase in the
CKM matrix, as the § parameter in Equation does. Strong phases, on the other
hand, have two possible sources: one as the trace of a product of an even number of ~
matrices together with 7° entering the Lagrangian, and the other comes from final-state
interaction (FSI), where an initial state i decays weakly to an intermediate state f’ which
then scatters to a final state f via a strong or electromagnetic amplitude.

It is important to notice that these phases do not have any physical meaning by
themselves, since it is always possible to change them at will with a phase transformation.
Instead, the relative phase of two competing contributions, i.e. the difference of the phases
of the two amplitudes, does not change with a rephasing and therefore has a physical
importance. To understand why CP can only occur when at least two different amplitudes
with different weak and strong phases contribute to the same decay, we can start with
the simple example of a single-amplitude process + — f and its CP-conjugate equivalent
i — f, mediated by a Hamiltonian #:

(fIH]i) = Ae'0F, (1.35)

(fIH]i) = Ao+, (1.36)

where A is a real positive number, ¢ is a weak CP-odd phase, § a CP-even strong phase,

and 6 a spurious phase introduced by the CP transformation. It can be immediately seen
that in this scenario CP in conserved, since | (f|H|i)| — | (f|H|i)| = |A] — |A] = 0.

Let us now introduce an additional contribution to the decay amplitude instead:
(FIH]i) = Aye@ten 4 4,ei02t02), (1.37)
FIf) = Ao 4 geimess) (135)

in this case, the difference of the two CP-conjugated amplitudes does not cancel out:
. S iPPIENE . .
| <f|H|Z>|2 - ‘ <f|H‘Z>| = —4A1A2 SlIl((Sl — (52) Sln(gbl — ¢2), (139)

therefore CP violation can occur if §; # d and ¢ # ¢o (and obviously A; # 0, Ay # 0).
A common experimental observable to search for CP violation in this case is the CP
asymmetry

_ 1A = | (R[] _ —2A, Ay sin(d; — &) sin(¢py — ¢) (1.40)
. (FIHIP + | (FIH|D]T AT+ A5+ 24145 cos(01 — o) cos(dr — ¢a)

1.3 Two-body b-hadron decays

Hadronic two-body decays of beauty hadrons provide an interesting testbench for studying
CP violation in the SM, thanks to the number of different Feynman topologies that
can contribute to each decay. The relatively high contribution of loop transitions can
potentially enhance the effect of new particles and interactions beyond the SM.

A general two-body B decay is mediated by the process b — ¢1G,d(s), with ¢, ¢ €
{u,d, c,s}. The Feynman diagrams contributing to this transition can be divided into two
categories: tree-level and loop (also called penguin) topologies. The flavour content of the
final state restricts the possible combinations:

19



Chapter 1. Theory of CP violation in the Standard Model

b - - q1 b - - 4
W _ w _
D) D)

d(s) d(s)

Figure 1.4: Example of Feynman diagrams for a b — ¢1G»d(s) transistion at tree-level (left) and
with a first-order QCD correction (right).

W
y SN
Z/’Y q4

q1

Figure 1.5: Example of Feynman diagrams for a b — ¢1G,d(s) QCD (left) and EW (right) penguin
transition.

e ¢1 # ¢ € {u,c}: only possible at tree-level;
e ¢1 = ¢2 € {u,c}: possible both at tree-level and via loops;
e ¢ = q € {d, s}: only possible via loops;

examples of such a diagram can be seen in Figures and [1.5]

In order to describe the weak decays of b-hadrons, the strong interaction between
the constituent quarks must also be taken into account. The typical approach is to treat
it under the framework of operator product expansion (OPE), in which a separation of
the energy scales of short-distance (high-energy) and long-distance (low-energy) contri-
butions is defined by a parameter u [44-47|. Any contributions from particles heavier
than p enter only through the Wilson coefficients C;(u), which account for all short-
distance effects; long-distance strong-interaction contributions, instead, are included in
the corresponding matrix elements of local operators Q;(i) that need to be evaluated
with non-perturbative techniques. This factorization of the two energy regimes allows an
effective weak Hamiltonian to be written in the following way [48]:

Cr
V2

where Gr/v/2 = ¢?/(8M2,) is the Fermi constant and V,.CXM are factors related to the CKM
matrix elements that set the strentgh with which each operator enters the Hamiltonian. As

(fHex| B) = == > VIENMC() (£1Q:i (1) B) (1.41)
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1.3. Two-body b-hadron decays

the amplitude shouldn’t depend on the energy scale p, it is required that the p dependence
of the C;(u) cancels the dependence of the Q;(u).

To illustrate the use of OPE, let us first start with the simple example of a purely
weak tree-level transition. Neglecting QCD corrections for the moment, the effective
Hamiltonian can be written as [42,49]

G F ooy M2 <_T‘iqi ) (—qj bj)
Heosr v r\/ b—W v v
\/§ qer " q1 ) _7\{2 2)V-A\t1 —A

_Gry,

=/ Vo V(P )y - a(@ )y - A+0<j\]j[22 )7 (1.42)

where 7 € {d, s}, the indices 7 and j label the quark colour, and the terms of O(ﬁ—i) can
w

be neglected given the smallness of the transferred momentum k, that is of the order of
the quark masses, with respect to My . The label V' and A refer to the vector and axial
current respectively, i.e.

(@7 )vaa =y"(1 £ 95)d. (1.43)

Since no QCD correction is considered yet, Equation (1.42)) is equivalent to having a
Wilson coefficient Cy(p1) = 1 and a single matrix element

Q2 = (F@)v_a(@V)v_a. (1.44)

If we now add a simple QCD correction such as a gluon connecting two quark currents
(like in Figure [1.4] on the right), this must necessarily mix different color charges, therefore
we are required to add an operator of the form

Q1= (T @)v-al@)v-2a (1.45)
and a corresponding Wilson coefficient Cy (). The effective Hamiltonian then becomes

Hep = ff V2 Vi (Cr()Q1 + Cali)Qa). (1.46)

Generalising now the procedure to all possible topologies of Feynman diagrams that can
contribute to a two-body hadronic B decay, we can write the effective Hamiltonian as

€ - :
o = L VoV S Coln)QE + VoV Y- Cu) @F VJVwZCk Qi+ (147)
k=1 k=1

where the 10 operators (and relative Wilson coefficients) are grouped into three categories:

e Current-current tree-level operators (¢ € {u,c})

QU = (¢ ) v-a(@V)y-a (1.48)
S = )v-a@V)y_-a (1.49)
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Chapter 1. Theory of CP violation in the Standard Model

e QCD penguins (e.g. Figure [L.] left):

Qy=F)v-a Y, @¢)va (1.50)
qe{u,d,c,s,b}

Qy = (TV)v-a Z (@ ¢ )v-a, (1.51)
ge{u,d,c,s,b}

Qs =FV)vea Y., @7 )via, (1.52)
q€{u,d,c,s,b}

Qs = (TV)v-a Z (@ ¢ )via, (1.53)
qe{u,d,c,s,b}

e Electroweak penguins (e.g. Figure [L.5] left):

r_ S i —j g
Q7 =5 (0 )v-a Y e@d)via, (1.54)
q€{u,d,c,s,b}
3 i —j i
Qs = 5TV )v-a Y e@d)via (1.55)
ge{u,d,c,s,b}
3 iy —j j
Q=50)v-a D, e@d)v-a (1.56)
ge{u,d,c,s,b}
3 iy —j i
Q1o = 5 (M )v-a eq(@q")v-a. (1.57)
2
q€{u,d,c,s,b}

This summarizes the OPE approach to computing decay amplitudes. Provided the necessary
changes are applied to the hadronix matrix elements in Equations ((1.48]) to (1.57) for
different exclusive final states, this approach can be considered “universal”’, meaning that
all the results shown above can be applied equally to every B decay governed by the same
quark-level transition b — ¢;g,d(s). The difficult task is then to actually compute each
matrix element; there are different methods available to do so, each with its own tradeoffs
between ease of computation, need for experimental input, and size of the theoretical
uncertainties. Since a detailed explanation of the various methods is beyond the scope of
this thesis, we will just give a brief description of them:

QCD Factorization (QCDF): this approach is based on the assumption that factor-
ization holds when hadrons containing quarks of mass m, larger than the strong
interaction scale Aqcp are involved, which allows to compute amplitudes at leading

order in Aqep/my [50-53].

Perturbative QCD (pQCD): starting on the same footing as QCDF, it goes further
into computing higher-order QCD corrections thanks to a resummation of Sudakov
effects [54-56]. In this way, less experimental inputs are needed compared to QCDF.

Soft Collinear Effective Theory (SCET): a more recent technique in which the emis-
sion of soft and collinear gluons is studied, allowing factorization to be generalised
at all orders of ay [57-60].
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Figure 1.6: Feynman diagrams of processes contributing to two-body charmless B meson decays:
tree-level (T'), QCD penguin (P), electroweak penguin (Pgw), penguin annihilation (Py), and
exchange (F). The equivalent diagrams for baryon decays can be easily obtained by adding one
spectator quark line.

IS

QCD Light-Cone Sum-Rules: computations of hadronic two-body B decay ampli-
tudes have been shown to be feasible with QCD sum rules as well [61-63].

Let us now focus on the phenomenology of charmless two-body b-hadron decays, which
we will generally refer to as H, — h*th'~. This category comprises the decays B® — KT K,
B— 7fn~, B K'n~, B - K*K~, B - nt7~, B - 7t K, A) - pK~, and
A)— pﬂ*ﬂ Many different observables can be studied for these decays, such as branching
fractions, integrated CP asymmetries, as well as time-dependent CP asymmetries for
neutral B mesons. This group of decays have been extensively studied both at past and
present accelerator facilities [7,/13}/64-80|. The discussion above regarding the computation
of the decay amplitudes for hadronic two-body decays of b-hadrons naturally applies also
to the subgroup of charmless decays, but in this case the interpretation of the experimental
results is not simple, because of the sizable contributions from penguin topologies that
these decays contain alongside the tree-level transitions, making it harder to evaluate the
underlying CKM phases. On the other hand, the higher relative size of loop diagrams to
the total decay amplitude allows for possible New Physics (NP) contributions to amplify
CP-violating effects.

In the SM, the topologies contributing to the B— h*th'~ decay amplitudes [81] are
tree-level (7), QCD penguin (P), electroweak penguin (Pgyw), penguin annihilation (Py),
and exchange (F), which are shown in Figure The T, P, and Pgw topologies have in
common the presence of a spectator quark, while in Py and E all initial- and final-state
quarks are involved. The latter are expected to be suppressed by a factor fg/mp ~ 5%,

2From now on, the inclusion of CP-conjugate decays is implied throughout this document.
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Chapter 1. Theory of CP violation in the Standard Model

Table 1.2: Scheme of the contribution of Feynman diagrams from Figure to each B— hth'~
decay. The current knowledge of the branching fraction of each decay is also reported [32].

Decay T P Pgw Py FE B 1079
B KK~ v v / / 26.6(22)
B Ktnm v v V/ X X 19.6(5)

B satk~ / / /X X 5.8(7)
A)— pK~ v v/ X X 5.4(10)
B sate v V / v 7/ 5.12(19)
A)— pr~ v v/ X X 4.5(8)
Bl qatem X X X  / 0.7(1)
B KtK- X X X 7/ 0.078(15)

where fp is the decay constant of the B meson [82]. The individual contributions of these
diagrams to each decay is reported in Table [I.2] Some decays are related by a simple
exchange of two quarks, that can be summarised as follows:

B — rtn d<—> s B+ KtK~ | (1.58)
—— —_——
T+P+2/3Pew+Pa+E T+P+2/3Pgw+Pa+E
B Kt~ d<+— s B atK~ | (1.59)
—— —_——
T+P+2/3Pew T+P+2/3Ppw
B~ Kt~ d & B K*K~ | (1.60)
—— ~———
T+P+2/3Pgw T+P+2/3Pgw+Pa+FE
B ntn d &% s B K- (1.61)
N—— N————
T+P+2/3Pgw+PA+E T+P+2/3Pgw
A)— pr d+——s A)— pK— | (1.62)
—— ———
T+P+2/3Pgw T+P+2/3Ppw
where the notation d M s indicates a symmetry with respect to the exchange between

a d and an s interacting (spectating) quark.

Regarding the A) — pr~ and A) — pK~ decays, theoretical computations of the
branching fractions and CP asymmetries have been performed only in recent times.
Several different approaches have been used, such as QCDF [83,84], pQCD [85], and the
MIT bag model [86]. The results of these computations, together with the experimental
measurements done by CDF [70] and LHCD [13| collaborations, and their average [32],
are reported in Table and shown in Figure [1.7] Theoretical computations for the
AY — pK~ decay tend to predict a large positive value for the CP asymmetry, which
has been instead measured as negative, though with large uncertainties and hence still
compatible with 0. This indicates that newer and more precise measurements are needed
in order to improve the knowledge on CP violation in baryon decays.
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Figure 1.7: Comparison between the theoretical estimates of Acp(A) — pr~) (top) and Acp(A) —
pK ™) (bottom) and the values measured by the CDF and LHCb collaborations, together with

the PDG average of the two.



Chapter 1. Theory of CP violation in the Standard Model

Table 1.3: Current theoretical and experimental knowledge of the CP-violating properties of the
decays /12 — pK~ and Ag — prT.

ACP(Ag—) p7T_) ACP(A2—> pK_)

7] 7]
Theoretical
[85] (PQCD) —32+° —319
[84] (NLO QCDF) —3.37102 10.1%33
[83] (QCDF) —39+04 6.7705 £0.3
[86] (MIT bag model) —4.4+0.1 6.7+ 0.0
Experimental
CDF [70] 6+7+3 —10+8+4
LHCb Run 1 [13]  —354+1.7420 —20+1.3+1.9
PDG [32] —25429 —2.54+2.2
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Chapter

The LHCb detector

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [87], situated approximately 100 meters underground
near Geneva and spanning a length of 26.7km, is a hadron synchrotron that occupies
the tunnel once utilized by the Large Electron Positron collider. Engineered for proton
collisions with a center-of-mass energy of 14 TeV and an instantaneous luminosity exceeding
103t em=2s7!, as well as lead ion collisions at 2.76 TeV per nucleon with an instantaneous
luminosity of 102" cm~2s !, the LHC directs hadron beams in opposite directions within
two accelerating rings. These beams converge at four interaction points, where the
experiments ALICE, ATLAS, CMS, and LHCb are installed.

Due to the impracticality of accelerating protons directly to 7 TeV from a quasi-rest
state, a series of preaccelerators — Linac2, Proton Synchrotron Booster (PSB), Proton
Synchrotron (PS), and Super Proton Synchrotron (SPS) — are employed. The process
begins with Linac2 accelerating protons to 50 MeV, injecting them into the PSB, which
elevates their energy to 1.4 GeV. Subsequently, the PS increases their energy to 25 GeV,
forming proton bunches, each comprising about 10! protons. These bunches are then
transferred to the SPS, where they are accelerated to 450 GeV. Finally, the proton bunches
are injected from the SPS into the LHC, where their energy is raised to the target value.
A schematic representation of the CERN accelerator complex is depicted in Figure [2.1]

During the initial run (Run 1) of data collection, the LHC collided protons at center-
of-mass energies of 7 and 8 TeV in 2011 and 2012, respectively. In the second run (Run 2),
spanning the years 2015-2018, the collision energy increased to 13 TeV.

2.2 The LHCDb detector

The LHCDb experiment [89,|90] was originally designed to study processes involving beauty
and charm hadrons. The core objectives of the collaboration include probing physics
processes within and beyond the Standard Model by studying CP violation in b or ¢
decays, observation of rare processes, heavy-quark spectroscopy, and searches for exotic
states. During the years the physics programme of the experiment has widened beyond the
original design to include electroweak physics, heavy ions, and fixed-target measurements.

LHCb is designed as a single-arm forward spectrometer with a geometrical acceptance
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Figure 2.1: The CERN accelerator complex .

spanning [10,250] mrad in the vertical plane and [10,300] mrad in the horizontal plane.
The unique geometry of the LHCb detector is driven by the fact that the majority of
bb pairs resulting from pp collisions hadronize into b hadrons with a significant boosts
towards the forward (or backward) beam direction, maintaining a small angle with respect
to the beam axis, as illustrated in Fig. 2.2

The LHCb collaboration has measured the bb production cross-section in the
pseudorapidityf]] range 2 <7 < 5 at center-of-mass energies of 7 and 13 TeV, yielding
(72.0 £ 0.3 £ 6.8) mb and (144 + 1 £ 21) mb, respectively [91]. The LHCb experiment
is also well-suited for the investigation of charm physics, with the added advantage
that the ¢¢ production cross-section is notably higher than that of bb, specifically
(1419 £+ 12 £ 116 £ 65)mb and (2369 £ 3 + 152 + 118) mb at /s = 7 and
13 TeV, respectively.

To maintain a low pile-up and minimize radiation damage to detector elements near
the beam pipe, the luminosity at the interaction point of LHCD is deliberately kept below
the maximum achievable from the LHC by adjusting the transverse separation between the
beams. This is achieved through a luminosity leveling technique [94], where the beams are
progressively brought closer to each other in the transverse plane to maintain a constant
collision rate throughout the beam’s lifetime. In 2011, the instantaneous luminosity was
set at approximately 3 x 1032 cm 257!, followed by 4 x 1032 cm 257! in 2012, 2015, 2016,

!The pseudorapidity of a particle traveling at a polar angle 6 with respect to the beam axis is defined as
n=—log (tan g).
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LHCb MC
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Figure 2.2: Production angles with respect to the beam direction of bb pairs in simulated pp
collisions at /s = 8 TeV. The red area represent the geometrical acceptance of LHCb.

and 2017, and about 5 x 1032 cm ™2 s~ ! in 2018. The total integrated luminosity collected
by the LHCb experiment up to now is summarized in Figure [2.3]

In Fig. a diagram of the full LHCb detector that operated in Run 1 and 2 is shown;
a right-handed coordinate system is defined such that the z axis is oriented along the beam
and the y axis along the vertical pointing upwards. The apparatus comprised multiple
sub-detectors, each with a design optimized to measure a specific property of particles
produced in the pp collisions. These detectors can be broadly categorized into two classes
based on their purposes:

e the Tracking system, consisting of the Vertex Locator (VELO), the magnet, the
Trigger Tracker (TT), and three tracking stations (T1-T3);

e the Particle Identification (PID) system, including two Ring Imaging Cherenkov
detectors (RICH1 and RICH2), the Electromagnetic Calorimeter (SPD, PS, and
ECAL), the Hadronic Calorimeter (HCAL), and five muon stations (M1-M5);

Each sub-detector will be described in detail in the following sections.

2.3 The LHCDb tracking system

The tracking system of the LHCb experiment is engineered to reconstruct the trajectories
of charged particles and measure their momentum starting from the VELO, situated in
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Figure 2.3: Integrated luminosity collected at LHCb, divided by years of data taking.
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Figure 2.4: Side view of the LHCDb detector in the (y, z) plane. The various sub-detectors are
also shown and labelled.
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2.3. The LHCDb tracking system

close proximity to the interaction point. Silicon trackers are employed to capture the
coordinates of particles traveling in close proximity to the beam axis, while the outer
tracker, consisting of straw-tubes, covers the broader acceptance region externally. The
inclusion of a dipole magnet enables the precise measurement of particle’s momentum.

2.3.1 The Vertex Locator

Beauty and charm hadrons, which decay weakly, travel approximately 1cm within the
LHCDb detector before decaying. Consequently, the presence of displaced secondary vertices
is a distinctive characteristic of b- and c-hadron decays. The precise reconstruction of
these vertices at a micro-metric scale is crucial to select signal events while effectively
rejecting the majority of background events. A high spatial resolution is also essential to
conduct time-dependent analyses, relying on the accurate measurement of the particles’
decay time.

The VELO detector [95,096], positioned closest to the interaction point, meets these
requirements with the following key features (see Figure [2.5)):

e The resolution on the position of the primary vertex (PV), when reconstructed with
25 tracks, is 71 pm along the z-axis (beam direction) and 13 pm in the transverse
plane;

e The resolution on the impact parameter (IP) of charged tracks, calculated with
respect to the PV along x or y, is below 35 pm for particles with pr > 1 GeV/c and
decreases asymptotically to 12 pm at high transverse momentum;

e The decay time of heavy-flavoured hadrons is measured with a typical resolution of
about 50 fs;

Comprising 23 modules placed orthogonally to the beam, the VELO detector employs
radiation-tolerant silicon strip sensors, each 300 pm thick. Split into left and right parts,
each station measures the radial coordinate and azimuthal angle of charged tracks using
two distinct types of modules, called R and ¢ sensors, respectively. Two stations equipped
solely with radial sensors are positioned upstream of the interaction point to gauge the
number of interactions per collision and provide pile-up information for the trigger.

During LHC injection, the two sides are moved to a safety distance of 3 cm from the
beam, while during collisions of stable beams, they are brought closer to a distance of
only 5mm. The modules are housed in a vacuum vessel separated from the beam vacuum
by a 0.5 mm aluminum sheet. A schematic representation of the VELO is illustrated
in Figure [2.6

2.3.2 The Trigger Tracker

The Trigger Tracker (TT) is a four-layer detection system positioned after the RICH1
sub-detector and before the magnetic dipole, located approximately 2.4 m from the beam
interaction region. The system consists of two stations, TTa and TTbh, each containing
two layers, with a separation of about 30 cm. Employing silicon microstrip technology,
the T'T uses 500 pm thick vertical micro-strips, with pitch of 200 pm and lengths up to
38 cm. In the first and fourth layers, the strips are oriented parallel to the vertical axis,
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Figure 2.5: Summary of the performance of the VELO: x, y, and z PV position resolution versus
track multiplicity (top), IP resolution versus 1/p (bottom left), decay time resolution versus
momentum (bottom right).

while in the second and third layers, they are tilted by +5° and —5°, respectively; this
design, called z—u—v—z, allows both the x and y coordinates of the hits in the detector
(see Figure to be reconstructed.

The role of the TT is to supply reference segments, enhancing the resolution of
momentum and trajectory by combining tracks from the VELO and tracking stations,
consequently reducing the occurrence of fake tracks. It also serves the purpose of providing
transverse momentum information of high-pr tracks for the High Level Trigger, as well as
for low-momentum tracks that are bent outside of the detector acceptance before reaching
the tracking stations. The single-hit resolution of the T'T during Run 1 was approximately
52 pm with a hit efficiency above 99.7% (as depicted in Fig. [2.8).

2.3.3 The tracking stations

The tracking stations T1, T2, and T3 are positioned behind the magnet, are divided in
two parts that employ different technologies: the Inner Tracker (IT), in the region closer
to the beam pipe, and the Outer Tracker (OT), covering the outer part of the detector.

The IT [97] features silicon micro-strip sensors in four cross-shaped detection layers
(see Figure , left); in each layer, the top and bottom modules contain one row of seven
sensors, while the left and right modules contain two rows of seven sensors. The sensors
have a pitch of 198 pm, providing a single-hit resolution of about 50 pm with an efficiency
above 99.8%, as shown in Figure [2.10] The overall dimensions of the IT sub-detector are
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approximately 1.2m in the bending (x) plane and 40 cm in the vertical (y) plane.

The OT [98] comprises three stations made of four layers arranged in a z—u—v—xlayout;
the total active area of the detector is 5971 x 4850 mm? (Figure [2.9] right). Each layer
is made of straw tubes, arranged in two staggered layers of 64 tubes in total, each with
a diameter of 4.9 mm and filled with a 70/30% mixture of Argon and CO; to achieve a
drift time below 50 ns and a drift-coordinate resolution of 205 pm. The hit efficiency is
very high for tracks passing close to the center of the straw, while it falls rapidly when a
particle passes closer to the edge of the tube due to the longer drift time, as it can be
seen in Figure [2.11]

2.3.4 The magnet

The magnetic field in the LHCb experiment is generated by a warm dipole magnet [99|
positioned between the (TT) and the first tracking station T1. The magnetic field allows
the momentum of charged particles to be inferred by measuring the bending angle of
tracks before and after the magnet.

The magnet is composed of a 1450t yoke and two inclined coils weighting 54 t, with a
geometry adapted to the detector acceptance (see Figure ; the maximum magnetic
field strength in the y direction is 1T, and the field integral [ B dz over the total detector
length is approximately 4 T m. The polarity of the magnet is regularly flipped during
data acquisition to compensate any left-right asymmetry introduced by the detector, as
positively and negatively charged particles experience opposite deflections. The nominal
current in the coils is 5.85 kA with a peak capacity of 6.6 kA, yielding an electric power
dissipation of 4.2 MW.
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Figure 2.12: Perspective view of the LHCb dipole magnet.
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2.3.5 Track reconstruction

Track reconstruction [100] involves reconstructing the trajectories of charged particles as
they traverse the tracking system, which includes the VELO, TT, IT, and OT detectors.
Different track types are defined based on their paths through the spectrometer, each
serving specific purposes:

e Long tracks traverse the entire system, providing precise momentum estimates
crucial for physics analyses.

Upstream tracks pass through VELO and TT, often utilized to understand back-
grounds in RICH1.

Downstream tracks pass through TT and T stations, aiding in the reconstruction of
long-lived particles such as K and A decaying outside VELQO’s reach.

VELO tracks traverse only the VELO, and are useful for primary vertex reconstruc-
tion.

T tracks pass only through T stations, mainly due to particles produced in secondary
interactions, and are valuable for RICH2 data analysis.

Figure|2.13|illustrates tracks reconstructed in a typical event. The long track reconstruction
starts in the VELO, with two complementary algorithms integrating information from
downstream tracking stations: the track matching algorithm combines VELO tracks with
segments from T stations, while the forward tracking algorithm utilizes VELO and a single
T station hit to determine particle momentum and trajectory. Downstream and upstream
tracks are found by extrapolating T and VELO tracks, respectively, incorporating hits
from TT. The final step involves fitting the tracks using a Kalman filter |[101], considering
factors like multiple scattering and energy loss. The quality of the reconstructed track is
assessed by the x? per degree of freedom of the fit, and state vectors at specific z-positions
represent the reconstructed tracks. During Run 1 and Run 2, the average tracking efficiency
was above 96%, going slighlty below that only in high-multiplicity events (more than 200
tracks). The relative momentum resolution depends on the particle’s momentum, going
from 0.5% for low-momentum tracks to about 1% for p > 150 GeV/c. The performance of
the tracking algorithm can be seen in Fig. 2.14]

2.4 The LHCDb particle identification system

Particle identification is a fundamental task of the LHCb detector, to ensure that the final
states of b- and c-hadron decays are correctly reconstructed. The indentification of pions,
kaons, protons, electrons, photons, and muons is done using informations from the RICH
system, the calorimenters, and the muon stations. We will now describe in detail each one
of these sub-dectectors.

2.4.1 The RICH detectors

The two Ring Imaging Cherenkov (RICH) detectors [102], RICH1 located between the
VELO and the TT, and RICH2 between T3 and the first station of the muon detector,
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2.4. The LHCDb particle identification system

are dedicated to the discrimination of charged light hadrons. Their structure is presented
in Figure 2.15 Their working principle is based on Cherenkov radiation, which is the
emission of light from a charged particle travelling through a medium with a velocity
greater than the speed of light in that medium. Under this condition, Cherenkov photons
are emitted on a conical wave-front of aperture angle 6., given by

1
sn’
where n is the refractive index of the medium and [ the velocity of the particles as a
fraction of the speed of light ¢. By measuring the Cherenkov angle and combining it
with the momentum of the particle it is then possible to infer the particle mass and thus
identify it.

In order to cover complementary momentum ranges, the two RICH use different
radiators. RICH1 uses two radiators: a 5cm layer of aerogel (n = 1.03), suitable for low
momentum particles, and fluorobutane (C4F19, n = 1.0014), which fills the remaining
85cm of the tank and is needed for higher momentum particles; these two radiators
provide 7 — K discrimination up to 50 GeV/c. The layer of aerogel has been removed
between Run 1 and Run 2. For RICH2, tetrafluoromethane (CF4, n = 1.0005) has been
chosen as radiator, allowing to cover the high momentum range up to 100 GeV/c¢ (and
slighlty above), with a limited angular acceptance of [15,120] mrad in the horizontal plane
and up to 100 mrad in the vertical plane.

Both RICH1 and RICH2 reflect the Cherenkov light with a combination of spherical
and flat mirrors, projecting the photons onto a grid of Hybrid Photon Detectors (HPDs),
located out of the spectrometer acceptance in a region shielded against the residual
magnetic field. The HPDs are vacuum photon detectors where a photon impacting on a
photocathode releases photoelectrons, which are then are accelerated and multiplied by a
voltage of typically 10 to 20kV onto a silicon detector.

Figure [2.16| shows the dependence of the Cherenkov angle on the momentum for
different particles. The angular resolution of the two detectors was measured to be
(1.618 + 0.002) mrad for RICH1 and (0.68 £ 0.02) mrad for RICH2. Due to resolution
effects, the presence of photons coming from other particles in the event, and the complexity
of the problem, a dedicated algorithm is adopted to obtain optimal performances [103].
The first step is assigning the pion mass hypothesis to all reconstructed tracks in the event,
since the most abundant particles produced in pp collisions are pions. Then, a global event
likelihood is computed from the distributions of the photon yield of each track under this
first hypothesis. After that, the particle hypotheses are changed, one track at a time, to
one of the other possible choices (K, p) while leaving all other particles unchanged. The
particle type which yields the largest increase in the global likelihood is identified, and
the corresponding mass hypothesis is set for that track. The procedure is repeated for all
tracks, until no significant change in the event likelihood is observed.

After the optimal configuration of particle types has been found, PID variables are
computed to be stored and used during the analysis to select final-state particles. For
each particle in an event, the following DLL variables are defined:

cosf. = (2.1)

DLLyr (h) = log L (h) — log L (R), (2.2)
DLL,(h) = log £,(h) — log L.(h), (2.3)
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Figure 2.15: Side view of the (left) RICH1 detector and (right) RICH2 detector.

meaning that a negative value of the DLL represent a higher chance of the particle being
a pion, and either a kaon or a proton otherwise. The performances of the DLL variables
for pion, kaons and protons are reported in Figure

2.4.2 The calorimeters

The LHCD calorimeter system [104] identifies hadrons, electrons, and photons while
providing information on their transverse energy or momentum fast enough to be used at
the first stage of the trigger. The calorimeter system is placed between the first and the
second muon station and is composed of a scintillating pad detector (SPD), a thin lead
converter, a preshower (PS), an electromagnetic calorimeter (ECAL) and an hadronic
calorimeter (HCAL), each one of them made of alternating layers of scintillating and
absorbing material. Upon hitting the absorbing material, particles lose energy and produce
electromagnetic or hadronic cascades which excite the molecules of the scintillating
material, that in turn emit electromagnetic radiation in an amount proportional to
the initial energy of the impinging particle. The light is carried away by optical fibres
with wavelength-shifting (WLS) properties to photon detectors, respectively multi-anode
photomultipliers (MAPMTSs) in the SPD and PS and phototubes in ECAL and HCAL.
The WLS is needed to shift the wavelength of the radiation such that the light reaching
the PMT is at the optimal wavelength for collection. Since the hit density varies by two
orders of magnitude over the surface of the calorimeters, they are split in cells with a
variable lateral segmentation, as shown in Figure ECAL and SPD/PS are divided
into three different sections, HCAL in two.

The SPD/PS system consists of a 15 mm thick (2.5 radiation lengths, Xj) lead con-
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Figure 2.16: Reconstructed Cherenkov angle as a function of particle momentum in RICHI for p,
m, K and p. The data was collected using only isolated tracks, for which the photon rings can be
clearly reconstructed.

verter sandwiched between two planes of 15mm polystyrene-based scintillating pads.
The SPD allows charged and neutral particles to be distinguished, since only charged
particles produce light in the scintillator material, providing 7° background rejection. The
discrimination of charged pions from electrons is enhanced by the PS, where the latter
release a larger amount of energy with respect of the former. The sensitive area of these
two detectors is 7.6 x 6.2m?.

In the beam direction, the ECAL is made of 66 modules of 2mm of lead followed
by 4mm thick scintillator tiles, amounting to a total of 25 X, sufficient for a full
containment of the electromagnetic showers. The energy resolution of the ECAL is given

by (see Figure [2.19)

o(E) _ (135£00)% . (0820£0030) o o 1y, (2.4)

E JE E

where F is expressed in GeV and @ indicates a sum in quadrature.

Since the trigger requirements for HCAL are not as stringent as those for ECAL,
the total thickness of the HCAL is 1.2m due to space limitations, corresponding to 5.6
interaction lengths; The HCAL alternates 4 mm scintillator planes to 16 mm iron plates,
with the special feature of having the scintillating tiles installed parallel to the beam, to
enhance light collection. The energy resolution of the HCAL (see Figure is

U(b‘;E) _ (69\%5)% ® (9 +2)%, (2.5)

with E expressed in GeV.
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Figure 2.17: Efficiencies of correctly and incorrectly identifying hadrons from the RICH detec-
tors while requiring different values of the DLL variables (described in the text). Top left: K
identification and m — K misidentification. Top right: p identification and 7w — p misidentification.
Bottom: p identification and K — p misidentification.

With the use of the informations coming from the SPD and PS, the calorimeter system
is able to provide v/7® discrimination, as shown in Figure . In addition, similarly
to what happens for RICH, a DLL variable is defined in order to discriminate between
hadrons and electrons, which gets information from the ECAL, the HCAL and the PS
and correlates it with the momentum of the track, obtaining a likelihood for the electron
and hadron hypothesis:

DLLGMO = DLLECAY 4 DLLICAL 4 DLLES, (2:6)

The performance of DLLCALO is illustrated in Figure ; for example, by requiring
DLLCALO > 2, an electron efficiency of 90% can be achieved while keeping the e — h
mis-identification rate below 3%.

2.4.3 The muon system

The muon identification system of the LHCb experiment [105] is a crucial component
designed to accurately identify and track muons, playing a pivotal role in the LO trigger
of the experiment. Comprising five stations (M1-Mb5) of rectangular shape, this system
employs advanced detectors and strategic placement along the beam axis to ensure
comprehensive coverage and effective identification of muons.
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of momentum, for different requirements on DLLS,?LO.

The full muon system spans a total area of 435m? and consists of 1380 chambers.
Stations M2 to M5 are strategically positioned downstream of the calorimeters and are
interspersed with 80 cm thick iron absorbers. This arrangement serves the dual purpose
of selecting penetrating muons and enhancing the efficiency of muon identification. The
minimum momentum required for a muon to traverse all five stations is approximately
6 GeV/c, considering a total absorber thickness of approximately 20 interaction lengths,
including the calorimeters.

Station M1, located in front of the calorimeters, plays a crucial role in improving the
transverse momentum measurement in the first level hardware trigger. The geometry of
the five stations is projective, meaning that the transverse dimensions of each station scale
with the distance from the interaction point. This projective geometry ensures optimal
coverage and sensitivity across the entire angular spectrum.

The detection elements primarily consist of Multi-Wire Proportional Chambers
(MWPC), with the exception of the highest rate region in M1, where triple Gas Electron
Multiplier (GEM) detectors are employed. The choice of detectors is carefully calibrated
to meet the specific demands of different regions within the muon system.

The detectors provide space point measurements of the muon tracks, supplying a binary
yes/no decision to both the trigger processor and the Data Acquisition (DAQ) system.
The system achieves this by partitioning the detectors into rectangular logical pads, and
the dimensions of these pads define the (x,y) resolution in the plane perpendicular to the
beam axis.

Each station is further divided into four regions (R1 to R4) with increasing distance
from the beam axis. The linear dimensions of these regions and their segmentation follow
a specific ratio (1:2:4:8), ensuring that the channel occupancies are comparable across each
region of a given station (see Fig. . This design approach optimizes the performance
and reliability of the muon identification system.

The majority of the muon chambers are equipped with MWPC using Ar/CO,/CF,
(40/55/5 %) as the gas mixture. Only the inner part of the first station (M1) is instrumented
with triple-GEM detectors filled with Ar/COy/CFy (45/15/40 %).

Each muon station is designed to operate with an efficiency above 99% in a 20ns time
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window, maintaining a noise rate below 1kHz per physical channel. These performance
criteria were successfully achieved during operation, as documented in [106]|. Overall, the
LHCb muon identification system stands as a sophisticated and reliable tool for the precise
identification and tracking of muons in the demanding environment of high-energy particle
collisions.

The muon identification procedure [107] is divided in three steps. The first step, which
is based on the penetration of a candidate into the muon system, produces a binary
variable called IsMuon; the higher the momentum of the track, the higher the number
of stations traversed that are required to provide a positive decision. The second step
is the computation of a likelihodd for the muon and non-muon hypothesis, taking into
account the pattern of the hits around the tracks extrapolated from the tracking system
to the muon chambers; the logarithm of the ratio between the muon and non-muon
hypotheses, called, muDLL, is used as discriminating variable. Finally, a combination of all
the informations from the RICH, the calorimenters and the muon stations is combined
to provide DLL variables for electron, muon, kaons, and protons, as they were defined

in Egs. (2.2) and (2.3). The performances of IsMuon and muDLL are illustrated in Fig. [2.23]

2.5 The LHCDb trigger

The trigger algorithm of the LHCb experiment is a sophisticated system designed to
efficiently select and record relevant events for physics analysis, operating within the
challenging environment of the LHC. The LHCb experiment operated, during Run 1 and
Run 2, at an average luminosity of 2 x 1032 cm =2 s7!, significantly lower than the LHC’s
maximum design luminosity. This deliberate choice not only makes radiation damage more
manageable but also ensures that the number of interactions per crossing is dominated by
single interactions, simplifying triggering and reconstruction processes with low channel
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Figure 2.23: Muon identification efficiency (a) and misidentification efficiencies for protons (b),
pions (c), and kaons (d) as a function of the track momentum. The efficiencies after requiring
IsMuon and with the addition of muDLL > 1.74 and muDLL > 2.25 are shown.

occupancy.

To achieve the necessary reduction in event rate from the initial frequency of about
10 MHz to a few hundred Hz, the LHCb trigger |108-110] employs a three-level hierarchical
system: Level-0 (LO), High Level Trigger 1 (HLT1), and High Level Trigger 2 (HLT2).
L0, implemented in custom electronics, operates on the hardware level and relies on
information from the calorimeter and muon systems to make rapid decisions, reducing
the event rate to below 1 MHz, allowing the entire detector to be read out. The HLT1
runs on a cluster of CPUs; called the Event Filter Farm (EFF), to perform a partial event
reconstruction and select candidates, reducing the input rate to around 40 kHz after the
first stage. After that, HLT2 runs a more complete reconstruction and applies a final
selection before saving the event to storage, with a final output rate of 2-5kHz. We will
now describe in more detail each stage of the trigger.
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Figure 2.24: Performance of the Level-0 (left) muon trigger and (right) hadron trigger as a
function of transverse momentum.

2.5.1 Level-0 trigger

The LO trigger consists of three independent units: the Calorimeter trigger, the Muon
trigger, and the Pile-Up trigger. Operating synchronously with the 40 MHz bunch crossing
rate of the LHC, they help identifying the distinctive features of b-hadron decays, i.e.
leptons, hadrons, or photons with a high transverse momentum.

Calorimeter trigger High-Fr deposits are searched for in the calorimeter system by

inspecting clusters formed by 2 x 2 cells, large enough to contain most of the shower’s
energy but small enough to avoid overlap between different particles. The total Er
deposited in the HCAL and the SPD multiplicity is computed at this stage; the
latter is also used to reject event with no visible interactions. Different particle types
(e, 7, h) can be identified using informations from the SPD, PS; and the calorimeters;
this way, three different types of candidates are built: LOHadron is the cluster with
the highest Fr in the HCAL; LOPhoton is the cluster wit the highest Fr in the
ECAL with corresponding hits in the PS and no hit in the SPD; LOElectron has
the same requirement as LOPhoton, with the addition of hits in the SPD as well.
The Er deposit in each cluster is computed, and the trigger fires only if there is at
least one candidate above a certain threshold in the event.

Muon trigger High-pt tracks in the muon stations are searched for, by subdividing the

detector in 192 towers pointing to the interaction region. The two tracks with the
highest pr in each quadrant of the system are identified, and a selection is applied
based on the highest pr (LOMuon) or on the product pf&estp2rd 1areest (1,oniMyon).

Pile-Up trigger This part of the trigger employs the upstream stations of the VELO

(see Fig. [2.6) to veto empty-beam (eb) bunch crossings, where no particles are
produced in the detector acceptance, and to get a rough estimate of the event
multiplicity, both for triggering and luminosity measurement purposes [111].

The performances of the LO muon and hadron triggers are shown in Fig.
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Figure 2.25: Left: HLT1 efficiencies of selected D and B decays. Right: HLT1 muon trigger
efficiency from Bt — Jap K™ decays as a function of B* pr.

2.5.2 High Level Trigger 1

When events are accepted by the LO trigger, they are transmitted to the EFF, where
they are further scrutinised by the High Level Trigger, which is designed to efficiently
process and reduce the event rate, ensuring that only the most relevant events are stored
for subsequent analysis.

The reconstruction algorithms used in the HLT are similar to those employed offline,
with some simplifications necessary to meet the stringent time constraints. For example,
the VELO reconstruction algorithm, which performs a full 3D pattern recognition, is
adapted to run on all events entering the HLT, meaning that certain offline-specific features,
such as a second pass on unused hits to enhance efficiency for tracks pointing away from
the beam-line, are omitted due to CPU constraints. The HLT1 employs various criteria
to select VELO tracks, limiting their number and applying quality cuts based on the
impact parameter (IP) and expected number of hits. In cases where muon identification is
required, a fast muon identification algorithm is also applied.

The HLT1 trigger algortihms (also called lines) cover a range of physics channels,
including inclusive beauty and charm triggers, single and dimuon triggers, and specific
triggers for high transverse momentum electrons, di-protons, displaced vertices, or high ET
jets. Each trigger line consists of a sequence of reconstruction algorithms and selections,
returning an accept or reject decision. Additionally, the HLT includes lines dedicated
to luminosity measurements, physics triggers with looser cuts, low multiplicity events,
large transverse momentum jets, and various monitoring and calibration purposes. The
performances of a selection of HLT1 lines as a function of particle kinematics are shown
in Fig.

Of particular interest for the analysis presented in this document are the lines
H1t1TrackA11LO for Run 1 and H1t1TrackMVA for Run 2: they are general-purpose
lines for selecting hadrons that are significantly displaced from the PV. The requirements
of these two lines are reported in Table
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2.5. The LHCb trigger

Table 2.1: Requirements of the (top) H1t1TrackA11LO and (bottom) H1t1TrackMVA trigger lines,
running respectively during Run 1 and Run 2. The value of C varied between 1.1 and 1.2
throughout the years.

H1t1TrackAl1lLO
Variable Cut
Track IP > 0.1mm
VELO hits/track > 9
Missed VELO hits/track < 3
OT+IT hits/track > 16
Track x7p > 16
Track pr > 1.8 GeV/e
Track p > 10 GeV/c
Track x*/ndf < 2.5
Hl1t1TrackMVA
Variable Cut
pr € [1,25 GeV/e
min(xfp) > 74
Track x*/ndf < 2.5
GhostProb < 0.2 (added in 2016)
2
Xip 1 C _
log| == | > —=+ —=(25— GeV,

2.5.3 High Level Trigger 2

The second level of the High Level Trigger follows the initial reduction of events rate
achieved by HLT1. Operating on an event rate of about 43kHz, HLT2 performs more
detailed reconstruction, focusing on specific physics goals of the LHCb experiment. In the
HLT?2 stage, forward tracking of all (VELO) tracks is feasible given the reduced event
rate, but while offline reconstruction employs two tracking algorithms, HLT?2 simplifies by
using an algorithm based only on VELO seeds. This simplification, however, leads to a
lower tracking efficiency of 1-2% per track compared to offline reconstruction. The search
is further limited to tracks with momenta greater than 5 GeV/c and transverse momenta
greater than 0.5 GeV/c, effectively reducing the search windows to manage processing time.
Muon identification in HL'T2 involves applying the offline muon identification algorithm
to all tracks from the forward tracking. Tracks are also associated with ECAL clusters
to identify electrons. During Run 2 PID requirements for hadrons, determined from the
information provided by the RICH detectors, were also exploited in the HLT2 algorithms.

The output rate of HLT2, set at 3kHz, encompasses various trigger lines, with a
significant portion dedicated to "topological" trigger lines designed to inclusively capture
b- and c-hadron decays, targeting hadrons with at least two charged particles in the final
state and a displaced decay vertex. The topological trigger lines make decisions based
on combinations of 2, 3, or 4 “Topo-Tracks”, which are a subset of HLT2 tracks with
additional requirements on track fit quality, impact parameter (IP), and muon or electron
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identification. N-body candidates are constructed based on the distance of closest approach
(DOCA) between Topo-Tracks. The mass window is defined based on the corrected mass,

defined as
Meorr = \/ m2 + |meiss|2 + |meiss|a (27)

where prniss 18 the missing energy in the transverse direction with respect to the flight
direction of the B meson. This variable allows for inclusive selections without a loose mass
window.

Together with topological or inclusive lines, HLT2 also contains exclusive trigger lines
designed for specific physics goals. For example most c-hadron decays, for which the rate
would exceed the allowance of an inclusive line, are selected by defining exclusive lines
tailored for each decay. These lines apply stringent cuts on invariant mass and angles to
ensure exclusive selections. Specific lines, such as those for D** — D%7*, can be selected
inclusively, while others, targeting hadronic two-body and three-body decays, require full
reconstruction of decay products. The selection efficiency of a handful of HLT2 lines can
be seen in Fig. [2.26]

Additionally, HLT2 incorporates various exclusive and technical trigger lines for
specialized purposes, including luminosity measurements, prescaled physics lines, low
multiplicity events, and monitoring for quality feedback on the data. These lines contribute
to the overall flexibility and efficiency of the LHCb trigger system, ensuring that a diverse
range of physics processes is captured for subsequent analysis. For the scope of this thesis,
a dedicated HLT?2 line was developed to identify and select H, — h™h'~ decays. More
details on the algorithm sequence and applied requirements are provided in Section [3.2

20
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Figure 2.26: Efficiencies of selected HLT2 lines as a function of pp: beauty lines (top left), J/
lines (top right), and charm lines (bottom).
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Chapter

Measurement of Acp(pK ™) and Agp(pr™)

In this chapter, the procedure to extract the CP asymmetries of A) — pK~ and A) — pr~
decays from the Run 1 and 2 dataset collected by the LHCb experiment is described.

3.1 Analysis strategy

The direct CP asymmetries in A) — pK~ and A) — pr~ decays are defined as

NA— pK~) —T(AY— pK+
Acplpi ) = D= pET) 14, = PET) (3.)
[(A9— pK—) + (A= pK+)
3 NNA = pr—) = T(AY — Bt
Agp(pr) = L2 o) Z T = pr), (3.2)
['(A)— pr=) + T(A) — prrt)

where I' is the instantaneous decay rate of the process between parentheses. From the
experimental point of view the CP asymmetries can be expressed as the sum of various
contributions

Acp(pK™) & Araw(pK ™) —Ap(p) —Ap(K ™) —Apip(pK ™) —Ap(A) — Auig(pK ™), (3.3)
Acp(pm7) & Aaw(pm™) — Ap(p) — Ap(n7) — Apip(pr™) — Ap(A]) — Auig(pr™), (3.4)

raw (

where A,y (pK ™) and A,.y(pm~) are the raw asymmetries between the yields observed
in data of the two charge-conjugated modes for the A) — pK~ and AY — pr~ decays,
respectively. The other terms appearing in Egs. and are nuisance asymmetries
introduced by experimental effects: Ap(h) is the detection asymmetry for a given hadron,
with h € {K, 7, p}, Apip(ph) are the asymmetries due to the particle identification (PID)
requirements imposed on the final-state particles, Ap(A}) is the A production asymmetry,
arising from the different production cross-sections of Ay and A9 baryons, and Aiyig(ph) are
the asymmetries introduced by the requirements imposed by the LO and HLT'1 triggers.

The raw asymmetries are measured by means of a simultaneous maximum-likelihood
fit to the invariant mass of the eight final-state samples in which the data are divided using
PID requirements: Kt7~, 7t K~ KTK~, ntx~, pK~, K*p, pr™, and 7 1p. Fitting the
eight spectra simultaneously is needed to determine the contamination of mis-identified
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B— hth'~ decays. The raw asymmetries are defined as

_ N(A) = pK~) — N(A) — pK™)

~ N(A) = pK-) + N(A) — pK+)’
. N = pr) = NN = prt

Araw(p’f( )Z ( g _) <_(Ij)) — )7

N(A) — pr=) + N(A) — prt)

Avaw (pK ™) (3.5)

(3.6)

where N is the signal yield of a given decay mode as determined from the fits. The selection
of the events will be described in Section [8.2] including the trigger and offline cuts, as well
as the description of the simulated samples used for the analysis. The calibration of the
Particle Identification (PID) performances, needed to correctly treat the contamination
from cross-feed decays and the potential impact on the raw asymmetries, is described
in Section [3.3] The models used to fit the data, covering all signal and background
components, are described in Section [3.4. A multivariate BDT classfier is employed to
further improve the purity of the sample, and a simultaneous optimization of the BDT and
PID cuts is performed to achieve the best sensitivity on the CP asymmetries, as will be
described in Section [3.5] In Section [3.6] more refinements of the mass models are presented,
as needed to take into account the effect of the optimised selection. The final results of
the fitting procedure are presented and discussed in Section [3.7], while the discussion of
the systematic uncertainties related to the fit model is reported in Section |3.8|
The detection asymmetry for a particle A can be written as

Edet(h’Jr) - gdet(hi)
Z‘:(1e>t(}L—"_) + 5det(h_) ’

where £4.¢(h*) is the detection efficiency of a positive or negative particle. This analysis
requires measuring three different asymmetries:

Ap(h™) = (3.7)

e the proton detection asymmetry, Ap(p), that is determined by means of the same
strategy used in Ref. [112] relying on fully simulated events and validated with data;

e the kaon detection asymmetry, Ap(K~), is determined by correcting for the =
detection asymmetry the K7~ detection asymmetry. The latter is measured using
Dt — K-mtr" and Dt — K{r " decays as described in Refs. [113][114];

e the pion detection asymmetry, Ap(7~), is taken from two independent studies for
Run 1 and Run 2: the former was performed in Ref. [115] by studying partially
reconstructed D** — (D° — K—ntr~n)r" decays, while the latter comes from
studies on D*— (D°— K t7~)nt decays done in Ref. [116];

all these measurements will be presented in Section [3.9]
The PID asymmetries are defined as

_ _ epn(pK™) —epm(PK™)
Apip(pK™) = epmn (PK ™) + epmp (DK )’ (38)
Apip(pr™) = ee(P17) — epmn (P17 (3.9)

epip(pm~) + epp (Prt)’

where the PID efficiencies epip are those obtained from the PID calibration procedure
described in Section [3.3] The efficiency evaluation for the A) — ph~ sample is presented
in Section [3.10]
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3.1. Analysis strategy

The trigger asymmetry is the sum of the LLO and HLLT1 trigger asymmetries. When
particles are responsible for the affirmative decision of a trigger algorithm (TOS or
Trigger On Signal), the induced asymmetry is determined using inclusive samples of
A} — A (pK~7")p~17,X (for protons) and BT — D°(K~nt)u~v,X decays (for kaons and
pions). When the trigger algorithms select an event independently on the signal candidates
(TIS or Trigger Independent from Signal) the induced asymmetry is calibrated by
means of Bt — J/i)(ut ™)K decays. The procedure used to determine these corrections
is described in Section B.111

The production asymmetry of the A baryon was only measured directly in Run 1,
and since it is expected to decrease with increasing colliding energies, it can only be used
on the Run 1 sample, for which the results are reported in Section |3.12] To remove the
contribution from the A production asymmetry in the Run 2 dataset, a control sample of
AY— (AT — pK—7")n~ decays is used. The raw asymmetry for this decay can be written
as

Avawe (Ay = AZ77) 2 Acp(A) — Al77) + Ap(p) + Ap(K ™) + Ap(n")
+ Ap(77) + Apip(pK 7t 7w7) + Ap(A)) + Apie(pK " wt77), (3.10)

where the detection, PID, and trigger asymmetries will be measured with the methods just
introduced and presented in Section . The CP asymmetry of the A) — AF7x~ decay,
being a Cabibbo-favoured decay, is expected to be compatible with 0 to a precision much
higher than the statistical power of this analysis, therefore we can neglect it in Eq. .
The integrated value of Ap(AY?) is expected to differ between the A — ph~ and A) — AF7—
samples, since it was shown in Ref. [112] that it depends at least on the pseudorapidity
of the baryon. Therefore, we will perform a reweighting of the A) — A7~ sample to
equalise the momentum and pseudorapidity distributions to those of the AY — ph™ sample.
Everything considered, we can then combine Eq. with Eqgs. and to obtain
Acp (pK_) and Acp (pﬂ'_)Z

Acp(pK ™) R A (pK™) — Ap(p|lA) = pK™) — Ap(K~|A) — pK ™)

— App (PK ™) — Auig(pK™) — AraW<A2_> Ajﬁ_) + AD(p‘Ag—> Ajﬁ_)

+ Ap(K~|Af — pK~7") + Ap(nH|AF — pK~nt)

+ Ap (7 |A) = AF ™) + App (A = AT 77) + Awig(A) — AF77),  (3.11)
Acp(pr™) mAraw(pm7) — Ap(p|A) = pr™) — Ap(K ™ |A) — pr7)

— Apip(pr7) — Auig(p7) — Apa (A} = AF77) + Ap(p|A) — A7)

+ Ap(K™|AS — pK~7n") + Ap(nT|AS — pK~7™)

+ Ap (7 |A) = Af77) 4+ Apip(A) = AF77) 4+ Apig(A)— AF77), (3.12)

where we introduced the notation Ap(h*|A)— f) to indicate the detection asymmetry of
a particle h* measured on the sample A — f.

As the reader may have noted, some of the samples used to determine the nuisance
asymmetries are used multiple times, hence there are relevant correlations among the
various corrections that must be taken into account. The procedure to do so, based on
running a high number of pseudexperiments, is described in Section [3.14]

Finally, in Section [3.15] the final results for the CP asymmetries are presented and
discussed. The measurement is carried out for the total sample as well as divided by
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Table 3.1: Total integrated luminosity corresponding to the pp collisions collected by LHCb,
separated by year and magnet polarity. The corresponding centre-of-mass energy at which
collisions occurred in each year are also reported.

Year of data taking 2011 2012 2015 2016 2017 2018

Vs [TeV | 7 8 13 13 13 13
Integrated Luminosity [fb™"] 1.11 208 029 1.63 147 2.02

data-taking year and magnet polarity, in order to check that the value of A¢p is consistent
across the subsamples, proving the robustness of the analysis method.

3.2 Data set and event selection

The data used in this analysis is taken from the pp collisions collected with the LHCb
detector during the Run 1 (2011 and 2012) and Run 2 (2015, 2016, 2017, and 2018) of the
LHC. The collisions occured at different centre-of-mass energies (/s = 7, 8 and 13 TeV) in
different data-taking periods, corresponding to a total integrated luminosity corresponding
to about 9fb~'. In Tab. [3.1] the breakdown of the centre-of-mass energies and total
collected luminosities, separated by year of data taking, is presented.

3.2.1 Stripping preselection

The collected sample is firstly filtered with a preselection (also called stripping) named
StrippingB2HHBDT, aiming at retaining as much signals as possible while reducing the
total sample size to a manageable level. The StrippingB2HHBDT algorithm combines pairs
of oppositely charged tracks in order to form H,— h*™h'~ candidates, where the pion mass
hypothesis is assumed for the final-state particles. For historical reasons, small differences
are present between the requirements applied by the algorithm used during Run 1 and
Run 2. In both versions, only good-quality tracks, i.e. with small normalised x? (x?/ndf)
and small probability to be a ghost track (GhostProb), are used. Then, those with large
transverse momentum (pr) and incompatible to come from any of the primary pp-collision
vertices (primary vertices or PVs) are retained for the next steps. The incompatibility
for a track to come from any PV is obtained requiring large impact parameter (dip) with
respect to all the PVs for Run 1 data, while for Run 2 data, the same effect is obtained
by requiring a large X%PEI For Run 1 data, pairs of tracks with a small distance of closest
approach (dca) are fitted to a common vertex in order to form the H, candidate, while
for Run 2 data a small normalised y? for the hypothesis of the two tracks to come from
the same vertex is used (x3oca/ndf) in addition to requiring a large scalar sum of the pr
of the two tracks (pt + p7). For the Run 1 preselection, only the candidates with a large
transverse momentum pgb, a small impact parameter with respect to the associated PV

!The x% is defined as the difference in the vertex-fit x* of a given PV reconstructed with and without
the track under consideration.
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3.2. Data set and event selection

Table 3.2: Summary of the values of the requirements used to form the Hy— h™h'~ candidates
by the B2HHBDT stripping line in Run 1 (left) and Run 2 (right). The meaning of the various
symbols is explained in the text.

Variable Cut Variable Cut
Track x?/ndf <3 Track x?/ndf < 4
Track GhostProb < 0.5 Track GhostProb < 3
Track pr [GeV/c] > 1.0 Track pr [GeV/e| > 1.0
Track dip [pnm] > 120 Track xfp > 16
doa [pm] < 100 pr+pp [GeVie| >4.5
di[pm] < 120 Yboca/ndf (H,) <9
ter [pS| > 0.6 Y2y (Hy) > 100
pr’ [GeV/e] >12 Xip (Hy) <9
BDT output > —0.3 DIRA(H,) > 0.99
Maprr- |GeV/2 | € [4.6,6.4] M- |GeV/2 | € [4.8,6.2]

(dﬁf ) and a large decay time (t,,, computed assuming decay into the 777~ final-state)
are selected by the Run 1 version of the stripping preselection. The purity of the sample
is further improved for the Run 1 algorithm by means of a multivariate Boosted Decision
Tree (BDT) classifier. The BDT algorithm discriminates between signal and combinatorial
background on the basis of the smallest and largest pt of the two tracks, the smallest and
largest impact parameter (dip) of the two tracks, the distance of closest approach (dca)
between the two tracks, the quality of the common vertex fit of the two tracks (x2.,),
the pr and dip of the Hj candidate (pgb and dg)b), and the flight distance (FD) of the H,
candidate with respect to the associated PV. Background-like candidates are characterised
by smaller values of the BDT output while signal-like candidates show larger values for
the BDT output. The Run-2 version of the algorithm, instead, imposes limits on the
values of the x? of the impact parameter (x% ), distance of closest approach (x3ocs ), and
flight distance (y%p) of the H, candidate with respect to the associated PV, as well as on
the cosine of the angle between the flight and momentum direction of the H, candidate
(DIRA). No further refinement is applied in addition to this cut-based selection for the
Run-2 version of the algorithm. In Tab. the values of the requirements applied by the
two versions of the stripping algorithm are reported.

Finally, as it will be described in Sec. [3.3] fiducial requirements are imposed on
the momentum (p) and pseudrapidity () of the final-state tracks of the H, — h*h'~
candidates. The fiducial region is defined as the area inside the polygon with vertices of
coordinates in the (p [GeV/c],n) plane (0,2), (25,2), (120,3.747), (123,4.2), and (0,4.2).
The application of these fiducial requirements is needed to guarantee a proper coverage
of the phase space by the PID calibrations samples. Their effects on the analysis are
discussed in details in Sec. [3.3.11

2The PV that fits best to the flight direction of the H, candidate is taken as the associated PV.
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3.2.2 'Trigger selection

Among the candidates surviving the stripping preselection only those that have been
acquired by specific trigger algorithms are retained. At the level of the hardware trigger, the
final-state particles of the H, candidates are required to be responsible for the affirmative
decision of the LOHadron trigger algorithm (LOHadronTOS), that means that at least one
of the clusters in the HCAL associated to the final-state particles must have a transverse
energy, Fr, larger than a given threshold. In addition, also the H;, candidates in event
where the affirmative decision of the L0 trigger is due to particles not used to form the
H, candidates are stored. This category goes under the naming of L0GloblaTIS (the
distrinction between TIS and TOS trigger decisions is explained in Section . At the
first stage of software trigger (HLT1) the H, candidates are required to be responsible for
the affirmative decision of the H1t1TrackA11LO (in Run 1) or H1t1TrackMVA (in Run 2)
algorithms, as described in Section [2.5] At the final stage (HLT2), the H, candidates are
required to be responsible for the affirmative decision of the H1t2B2HH algorithm, that is
a simplified version of the stripping algorithms described in Sec. [3.2.1} The requirements
applied by the H1t2B2HH algorithm are reported in Tab.

3.2.3 Simulated samples

Fully simulated samples of all H,— h™h'~ decays, produced with the LHCb simulation
framework for Run 1 and Run 2, are used in several parts of this analysis. In LHCD,
pp collisions are simulated by PYTHIA [117,|118] with an LHCb-specific configuration,
while EVTGEN [119] describes the decay of unstable particles, with PHOTOS [120] man-
aging QED final-state radiation. The GEANT4 toolkit [121}/122] is used to simulate the
interactions between the generated particles and the detector. In these samples the data
taking conditions, trigger, reconstruction and stripping corresponding to the different
years have been reproduced in order to have events as similar as possible to real data. The
trigger conditions used for the largest part of the collected luminosity during the years are
simulated. The total amount of simulated events is generated such that the proportion
between data collected with the two magnet polarities is reproduced. In Table we
report the amount of simulated events for all the H,— h™h'~ decays. The reconstructed
candidates are required to pass all the preselections described in Sections [3.2.1] and [3.2.2]
In addition, only those associated with a true Hy— h*h'~ decay are retained.

3.3 PID calibration

The proper determination of the efficiencies introduced by the requirements on PID
variables is of the utmost importance for this analysis. All the different H, — hth'~
decay modes represent one of the main sources of background to each other, since their
invariant-mass distributions with one or both final-state particles misidentified peak very
close to where also the correctly identified modes do. The discriminating variables chosen
in this analysis to distinguish between pions, kaons, and protons are the DLL variables
described in Section 2.4.1]
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3.3. PID calibration

Table 3.3: Number of generated events, separated by data taking year.

Decay 2011 2012 2015 2016 2017 2018
[10%] [10°] [10%] [10°] [10%] [10°]

BY— Ktn~ 368 692 1109 4722 7631 7621
Bt 392 704 565 2361 3832 3806
BY— KtK— 230 472 164 960 1693 1600
BY— KTK~ 374 700 523 2359 3834 3815
BY— mT K~ 353 709 292 1918 3161 3216

BY— 255 489 167 965 1761 1574
A)— pK~ 167 305 142 976 1576 1536
A)— pr— 176 326 284 563 577 651

3.3.1 Calibration samples

In order to calibrate the efficiencies introduced by PID requirements applied on pions and
kaons, high-statistics and high-purity samples of D** — D(K~7 )7 decays are used.
In the case of protons, instead, samples of A— pr~ and AT — pK~ 7" decays are utilised.
The kinematic features of these decays enable the identity of the final-state particles to be
determined without using any PID information. The residual background contamination
is removed from the samples using the sPlot technique [123|. The weighted samples are
provided centrally as part of the PIDCalibTool package of the LHCb Collaboration [124}
125|. As anticipated in Sec. , fiducial requirements are applied to the Hj, candidates out
of the stripping selection. This is done in order to remove the H, candidates having final-
state particles in regions of the phase-space that are not covered by the PID-calibration
samples. In Fig. the (p,n) distributions of kaons, pions and protons are shown for both
PID-calibration samples and fully simulated H,— h™h'~ decays, with the fiducial region
highlighted. From the distributions shown in Fig. [3.1] it is clear that a large portion of
Hy— hh/~ candidates is removed when applying the fiducial requirements to both the
final state particles. The removed candidates amount to about 30% of the total sample.
However, it is important to note two relevant aspects:

e the regions of the phase space removed by the fiducial requirements are regions
where PID efficiencies are small, hence the events rejected by the fiducial cut would
most probably be removed also by any PID requirement;

e the sample lying outside of the fiducial region was kept in the previous version
of this analysis |13]. That decision implied a large systematic uncertainty in the
determination of the asymmetry introduced by PID requirements, due to the lack of
calibration protons in that region of the phase space. Considering the much improved
statistical precision expected in this analysis, it is fundamental to reduce accordingly
all the systematic uncertainties. Therefore, the loss of statistics introduced by the
fiducial cut is counterbalanced by the reduction in the systematic uncertainty due
to the chosen PID requirements.
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Figure 3.1: Distribution in the (p,n) plane of (top) kaons, (middle) pions and (bottom) protons
coming from (left) H, — hth'~ decays and (right) PID-calibration samples. The distribution
related to Hy, — h™h'~ decays are taken from fully simulated events, while those related to PID
calibration samples are obtained from background-subtracted events, as explained in the text. In
all the cases, a magenta line is drawn to identify the fiducial region defined in Section

3.3.2 Calibration procedure

The PID calibration procedure has been developed taking into account the following
considerations:

e in order to distinguish between three types of particles (pions, kaons and protons) it
is necessary to utilise two DLL variables for each final-state particle. For example,
in order to select kaons, requirements on both DLL, (in order to reject pions) and
DLLg, (in order to reject protons) must be applied. If a particle satisfies the criteria
defined to select kaons, then the kaon hypothesis is assigned to that particle;

e the value of DLL depends directly on the momentum of the particle through its
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3.3. PID calibration

relation with the emission angle of Cherenkov photons, as well as on its pseudorapidity
due to the different length of radiator material traversed at different angles. In
addition, since the two RICH detectors have different angular acceptances and
have radiators optimised for different momentum regions, the DLL values show a
dependence also on the pseudorapidity of the particle;

e since the RICH performance degrades with increased occupancy [103], the effect is
taken into account by studying the dependence of DLL with respect to an occupancy
figure ©, chosen to be the number of tracks in the event (nTracks) in Run 1 and the
number of hits registered by the SPD detector (nSPDHits) in Run 2.

As a first step, for a given set of PID requirements, maps of PID efficiencies in bins of p,
7 and © are determined. For example, in a given region of p, n and O, the efficiency of a
PID requirement applied to kaons, is given by the number of calibration kaons satisfying
that requirement divided by the total number of calibration kaons in that region. The
binning scheme used to divide the phase space is

Track momentum:
2 bins for 0 < p < 10GeV/¢;
45 bins for 10 < p < 100 GeV/¢;
20 bins for 100 < p < 150 GeV/¢;
4 bins for 150 < p < 500 GeV/¢;

Track pseudorapidity:
10 bins for 1 < n < 6;

Number of tracks:
4 bins for 0 < nTracks < 400;
1 bin for 400 < nTracks < 600;

Number of SPD hits:
3 bins for 0 < nSPDHits < 450;
3 bins for 450 < nSPDHits < 1000;

Since the event occupancy and the kinematic of a particle are independent quantities,
the dependency of the efficiency from © is integrated out. Assuming the possibility of
analytically describing the PID efficiency, ¢, as a function of p, n and © and the distribution
of SPD hits for the H,— h*h'~ sample f (©), the procedure could be formalized by the

following equation
g(p,m) = /8(19,77,@)-1”(@) de, (3.13)

where £ (p,n) is the PID efficiency as a function of p and 7 for a particle in the same
occupancy regime that we observe in the H, — h™h'~ data sample. However, in reality
the PID efficiency and the distribution of © can not be expressed in an analytical form.
Hence, the integration of Eq. is replaced by the sum

N
1
pzan] - E € pzanﬁ@k (314>
k::l
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Figure 3.2: Distributions of the invariant mass of Hy,— h*h'~ under the 77 hypothesis without
PID cuts. A cut of (left) 0.08 and (right) 0.12 on the BDT classifier described in Section
is applied. The results of fits with a model describing the signal, combinatorial, and partially
reconstructed background are superimposed.
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Figure 3.3: Distribution of (left) nTracks and (right) nSPDHits for PID-calibration and
background-subtracted A(g — ph™ samples from Run 1 and Run 2, respectively.

where € (p;, ;) is the final PID efficiency corresponding to the i-th bin of particle momen-
tum and j-th bin of particle pseudorapidity; € (p;, ;, Oy ) is the PID efficiency corresponding
to the i-th bin of particle momentum, the j-th bin of particle pseudorapidity, and k-th
bin of ©; N is a number large enough to avoid statistical fluctuations in the average (set
to N = 1000000). For each term of the sum the value of O, has been randomly extracted
according to the distribution of © obtained from the background-subtracted H,— h™h'~
sample.

The background subtraction of H, — h*th'~ events has been performed using the
sPlot technique [126], by fitting the invariant mass computed assuming both final state
particles to be pions (m,,). Events are selected applying the offline selection described
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3.4. Invariant-mass models

in Section apart from the PID requirements that are not applied. The shapes of signal
contributions have been parameterised applying a Kernel Estimation Method [127] to the
distribution of m,, for fully simulated events, computed assuming perfect invariant-mass
resolution. The obtained non-parametric distributions have then been convolved with a
Gaussian resolution model with free mean and width. The relative fractions between the
various H,— h™h'~ decays have been fixed to the values measured by LHCb in Ref. [128].
In the case of A) decays we used the world averages of the absolute branching fractions
computed by the Heavy Flavour Averaging Group (HFLAV) [29]. The contribution due to
combinatorial background has been parameterized with an exponential function, while the
component coming from partially reconstructed 3-body B decays has been described using
an ARGUS function [129] convolved with the same Gaussian resolution model used for
the signal shapes and described in Section [3.4, The m., distributions with the two BDT
cuts used for the selection of A) — pK~ and A — pr~ decays are reported in Fig.
with the result of the fit overlaid. The resulting background-subtracted distributions of
the occupancy variables for Run 1 and Run 2 are reported in Fig. together with those
of the calibration samples.

The computation from Eq. produces PID efficiency maps in bins of p and n
for particles coming from H,— hth'~ decays. As a reference, in Fig. we report the
PID efficiency maps for pions, kaons and protons following three different choices of PID
requirements.

Finally, the efficiency of a PID requirement applied on a H,— h*th’'~ decay is estimated
using the following equation:

R
Epth- = NZ@# (p?,m*) “Ep- (pi_777i_) ) (3.15)
i=1

where N is the number of H,— hth'~ candidates, &,+ and &,/ are the efficiencies as a

function of p and 7 as determined from Eq. 1| p:r(f) and n;r () are the momentum and
the pseudorapidity of the positive (negative) particle of the i-th candidate. Candidates
from fully simulated events are used.

3.4 Invariant-mass models

The strategy we adopted to optimise the event selection is based on the knowledge of the
model used to fit the invariant-mass spectra of selected events. In this Section the studies
performed in order to determine the various probability density functions (p.d.f.s) used to
parameterise all contributions to the spectra are presented. Four componets are identified:

Signal: H,— h™h'~ decays where the final-state particles are correctly identified.

Cross-feed background: H,— h*th'~ decays in which the identity of one or both the
final-state particles is wrongly assigned. This background is particularly dangerous
since it peaks at the signal distribution.

Partially reconstructed background: H, — h™h'~X multibody decays where only
the two h* and h'~ hadrons have been used to form the parent Hy,.
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Figure 3.4: (pr,n) maps of PID efficiencies of reconstructing kaons (left column), pions (middle
column), and protons (right column) as kaons (top row), pions (middle row), and protons (bottom
row). The PID requirements are DLLg, > 5 and DLLg,, > —5 for the kaon hypothesis (top row),
DLLg, > —5 and DLL,; > —5 for the pion hypothesis (middle row), and DLL,, > —5 and
DLL,k > 5 for the proton hypothesis (bottom row). The fiducial region is shown as a magenta
line.

Combinatorial background: candidates composed by pairs of oppositely charged tracks
not coming from the same decay chain.

The shapes chosen to model the invariant-mass distributions of all the sources above will
be described in detail in the following.

3.4.1 Signal model

The signal distribution is modelled by the sum of a Johnson Sy function and one or two
Gaussian functions. The Johnson distribution is defined by the formula |130]

: _ 0 1 1 o (m=p\’
SU(m,,u,a,’y,(S)—U\/% 1+(u)2exp[2 <fy+5smh < - ))], (3.16)

where m is the reconstructed invariant-mass and p is the peak of the considered Hj hadron
taken from . One Gaussian function with the same peak and width is added to every
signal component, yielding the total p.d.f.:

pdfs(m) = fSU(m; W, 0,7, 5) + (1 - f)G(ma K, 0)7 (317)
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3.4. Invariant-mass models

where f is the relative fraction of the two components. For decays with a relatively large
branching ratio, i.e. B~ K*n~, B— 7t K~, B’ K*K~ and B’ — 777~ a second
Gaussian is added with the same mean and a separate width to improve the fit quality.
The values for the shape parameters of the Johnson, v and ¢, are fixed to those
obtained from fits to the simulated samples, separately for each decay channel. In Figs|3.5
and [3.6| we report the invariant-mass distribution for all the simulated H,— h™h'~ decays
with the result of the best fit superimposed.
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Figure 3.5: Invariant-mass distributions of fully simulated (top left) B — K7~ (top right)
BY — 7t K~ (bottom left) B — 77~ and (bottom right) BY — 777~ decays passing the
preselection described in Section [3.2] The result of the best fit using the model described in the
text in Section is overlaid.
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Figure 3.6: Distribution of invariant-mass for fully simulated (top left) B® — K+K~, (top
right) BY -+ K+ K~, (bottom left) A) — pK~ and (bottom right) A) — pr~ decays passing the
preselection described in Section [3.2] The result of the best fit using the model described in the
text in Section is overlaid.

3.4.2 Cross-feed background model

The parameterisation of the model used to describe the cross-feed backgrounds is studied
using fully simulated signal decays. The procedure consists of two steps: a dataset contain-
ing the invariant-mass computed under the wrong hypothesis is produced and then the
shape is built by applying a kernel density estimation (KDE) method [127] to the dataset.

The reconstructed invariant mass of any two-body decay under a different h™h'~
final-state hypothesis can be written as

m(h ) = \/m i 42 (wm%ﬁ ) (mE 4 ) ~ B p> (3.18)
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3.4. Invariant-mass models

where my,+ and my- are the masses corresponding to the hypothesis, p. (_) is the momen-
tum of the positive (negative) particle obtained from the simulation and p, () stands for
the module of p ().

The datasets to which the KDE is applied are created from simulated H, — h™h'~
decays, computing for each event the wrong invariant-mass using the true momenta of
the final-state particles (obtained accessing Monte Carlo truth information). In order
to describe the cross-feed mass shapes it is necessary to take into account the effect of
PID requirements. Since their application alters the momentum distribution of tracks,
they have the effect of deforming the invariant-mass distributions obtained through the
procedure described above. To address this, a weight to each simulated event is applied,
corresponding to

w; = ep+ (pf,0) en- (i .m7) (3.19)
where €+ are the PID efficiencies of the positive and negative particles obtained from
the efficiency maps presented in Section , and pfE and r]ii are the momenta and
pseudorapidities in the i-th event. The kernel estimation method is applied to these
weighted datasets. As an example, invariant-mass models obtained from the application
of the kernel density estimation to the samples are shown in Fig. [3.7] Finally, in the
invariant-mass fits, the obtained non-parametric p.d.f. are convolved with a Gaussian
function of width equal to the one used for the signal shape, to account for invariant-mass
resolution effects.
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Figure 3.7: Invariant mass distributions of (black) B®— K*7~, (red) B~ 77—, and (blue)
/12—> pK~ decays reconstructed in the pr~ mass hypothesis calculated by means of Eq. (3.18)
and with a kernel estimation technique applied. The dashed lines show the distributions without
taking into account the deformation induced by PID requirements, while the solid lines represent
the distributions weighted using the PID efficiencies.

3.4.3 Partially reconstructed multi-body H;, decays

This type of background originates from partially reconstructed decays where one or more
final-state particles are not reconstructed. Usually, an ARGUS function [129] convolved
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with a resolution model provides a good empirical modelling of this background component.
The p.d.f. of the ARGUS function is

plm;mo,c) = my /1 — mﬁ; exp [c (1 - (%)2” , (3.20)

where m is the mass of the reconstructed candidates, mg is the threshold value and c is the
parameter governing the shape of the funcion. Since the lightest particle that can be missed
in the reconstruction of the candidate is a 7°, the end point of the ARGUS functions is
fixed to mpo —myo and mpo —m o for partially reconstructed backgrounds coming from B,
and BY decays, respectively. Another possible source of partially reconstructed background
is the component due to three-body decays of the BT meson (like Bt — h™h'~7™). This
component is not parameterised explicitly as its shape is almost equal to that of partially
reconstructed B%-meson decays.

For partially reconstructed decays in the pK~ and pm~ mass spectra, instead, a
more careful study was carried out. Large samples of the relevant decays were produced
with the fast simulation software RapidSim [131] to study the shape of the invariant-
mass distribution of the visible final-state particles. The considered decays are chosen
to be the ones that are expected to be more abundant in the signal mass window, i.e.
A)— p(K*~— K1) for the pK~ channel and A) — p(p~ — 7~ 7°) for the pr~ channel.
The resulting distributions were used as a template in the fit and are shown on the left
of Fig. 3.8 The shape of these distributions are affected by the BDT cut (described
in Section but the distortion cannot be studied directly since RapidSim does not
reproduce all the variables used to train the model, so another approach was used, i.e.
measuring the efficiency of various BDT cuts as a function of the DIRA of the two tracks
using fully simulated AY — pK~ and A} — pr~ decays. Since this type of background is
mainly due to 3-body A decays containing a 7° that goes undetected, the reconstructed
invariant mass of the remaining pair of hadrons is by construction lower than the nominal
AY mass. The higher the momentum carried away by the neutral pion, the worse the
agreement between the sum of the momenta of the two hadrons and the vector joining
the primary and the decay vertex of the A); the DIRA has a value of 1 when these two
vectors are aligned, and it is lower when they are not, therefore it can be used as a
discriminating variable for identifying events where an additional particle went missing in
the reconstruction of the H;, candidate. This efficiency was then applied to the RapidSim
samples as a weight to model the sculpting of the distribution under the different BDT
cuts. The shape of the distributions for various BDT requirements are shown on the right
of Fig. 3.8 The histograms are used in the fitting model to describe the shape of this
component.

3.4.4 Combinatorial background model

The combinatorial background component has been modelled with an exponential function
cs(m) = e, (3.21)

where k; is left free to vary in the fit and is different for each spectrum corresponding to

the final states 7t7~, K*n~, K™K, and pr—.
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Figure 3.8: Left: invariant-mass distributions of the RapidSim samples of /18 — p(K* — K~ 70)
(black) and A9 — p(p~ — 7~ 7°) (red). Right: effect of various BDT cuts on the invariant-mass
distribution of A) — p(p~ — 7~ 7°) decays.

In the pK~ final state, the combinatorial background was found to have a turn-on
shape at low mass, making it difficult for a pure exponential to fit well, especially at low
BDT cuts where the sample is much more contaminated by combinatorial background.
To find a more effective function to use, data in the upper sideband m,, > 5.6 GeV/c?
were selected to obtain an almost pure combinatorial sample; its invariant mass was
recomputed under the pK~ hypothesis and shifted back by 0.8 GeV/c?, reproducing the
shape that characterizes the distribution at low invariant mass. This comes from the fact
that the Stripping line has a cut at m,, > 4.8 GeV/c?, which results in a border effect at
low mass when recomputing it in a different hypothesis (such as p/K~). Therefore, when
cutting m,, > 5.6 GeV/c? and recomputing the mass under the pK~ hypothesis, the
shape should be reproduced by shifting the mass back by 5.6 — 4.8 = 0.8 GeV/c?. The
resulting distribution was fitted with several test functions to find the most suitable one.
The final choice was the following function:

cpic(m) = (1 + tanh(b(m — 9)))e Frxm, (3.22)

in which ¢ is a mass shift parameter and b governs the slope of the rising edge of the
function, fixed in the nominal fit to the value found with this procedure. A fit to the
distribution with this p.d.f. is shown in Fig. 3.9

3.5 Offline selection optimization

For the Run 1 analysis, an additional selection step was added offline in order to obtain
the best statistical sensitivity on the CP asymmetries; the same strategy is applied on the
Run 2 sample as well. The offline selection is composed of two distinct parts:

e a kinematic and geometrical selection applied to all the decay channels and based
on a Boosted Decision Tree (BDT) multivariate algorithm;

e a specific final-state selection based on the application of PID requirements.

Note that both the selection criteria must be optimized simultaneously to obtain the
combination of criteria that yields the smallest uncertainty for each CP asymmetry.
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Figure 3.9: Distribution of my i~ in the upper sideband mz > 5.6 GeV. A fit with the function
defined in Eq. (3.22)) is superimposed.

Before describing the offline procedure used to optimise the offline selection criteria, it is
appropriate to make some considerations:

e The kinematic and geometrical requirements imposed by the BDT selection reduce
the amount of combinatorial background present in each invariant-mass spectrum,
while PID requirements are needed in order to decrease the number of cross-feed
(misidentified) background candidates. However, PID requirements also modify the
composition and the amount of combinatorial background.

e For each set of BDT and PID requirements we need to determine the number of
signal, cross-feed background, partially reconstructed background and combinato-
rial background candidates. The grid of BDT and PID requirements is reported
in Table [3.4]

The procedure is the following: first of all, we train a BDT for each set of PID
requirements, chosen in order to cover a wide region of the DLL distributions. Secondly,
we select different samples of fully reconstructed p/K~ and pm~ final states, one for each
combination of BDT and PID requirements. Then we perform maximum-likelihood fits to
the invariant-mass spectra, determining the relevant parameters of the model. Finally,
50 pseudoexperiments for each set of requirements are performed, generating and fitting
the data. The average uncertainty for each set of pseudoexperiments is then computed
and the set of requirements chosen are those that give the smallest averaged uncertainty.
The optimisation procedure is performed separately and independently for the A) — pK~
and AY— pr~ decays, as described in the next sections. In the following we will refer to
the selection optimised for A9 — pK~ decays as Selection A, while to that optimised for
AY— pr~ decays as Selection B.

3.5.1 BDT training

The training of the BDT algorithm is performed considering that the application of PID
modifies the amount and composition of combinatorial background. For this reason a
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Table 3.4: List of the PID and BDT requirements explored during the optimisation procedure for
protons, kaons, and pions.

Variables Values used Used in Selection

PID1 — DLL,.(p) > 1 — 13, step size 2 AB
PID2 = DLL,k(p) > 1 — 9, step size 2 AB
PID3 = DLLg,(K) > 1 — 7, step size 2 A
PID4 = DLLg,(K) > —DLL,k(p) = —1, step size 2 A
PID3 = DLLg,(m) < —7 — —1, step size 2 B
PID4 = DLL,,(7) < 1 — DLL,.(p), step size 2 B

BDT > 0 — 0.4, step size 0.04 AB

training is made for each configuration of explored PID requirements. The signal sample
is taken from fully simulated A) — pK~ and AY — pr~ events. The background sample is
extracted from real data, selecting events passing the PID requirements used to isolate
pK~ and pr~ final states with an invariant mass under the 77 hypothesis larger than 5.6
GeV/c?. This is done to have cleaner background samples, since cross-feed backgrounds
have a long tails to the right of the pK~ and pr~ invariant-mass spectra and thus cross-
feed contributions would contaminate the right-hand sideband. In the 7" 7~ hypothesis,
however, the physical decays are pushed to the left part of the invariant-mass spectrum
and so the right-hand sideband is populated only by combinatorial background. Indeed, as
can be seen in Fig. [3.10} there are no H,— h*h'~ decays reconstructed under the 77~
invariant-mass hypothesis above 5.6 GeV/c? [79).

The variables used to train the classifier are:

e the minimum and maximum pr of the two tracks;

e the minimum and maximum impact parameter of the two tracks computed with
respect to all the PVs (dpp);

e the minimum and maximum x? of the impact parameter(y?(dip));
e the distance of closest approach (DOCA) of the two tracks (dca);
e the x? of the H, candidate decay-vertex fit (x2,,);

e the pr of the H, candidate (pg”);

e the x? of the impact parameter of the H, candidate with respect to the associated
H,
1% (XQ(dIPb));

e the flight distance of the H,, candidate with respect to the associated PV (FD(Hy));
e the x? of the flight distance of the H, candidate (x*(FD(H,))).

The distributions and correlations of these variables are reported in Figs. to [3.13
for both background and signal events with a particular set of PID requirements for
illustration purposes. The BDT is trained and tested with a 3-fold validation, i.e. the
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Figure 3.10: Invariant-mass distribution of H, — h*h'~ candidates reconstructed under the 77~
invariant-mass hypothesis. The results of the best fit are superimposed. No PID requirements are
imposed on the events, wherease a cut on the BDT classifier is requested. No Hy — hTh'~ events
are present above 5.6 GeV/c?.

traning dataset is split into 3 parts, three identical copies of the classifier are trained on
each subsample, and then they are tested on a different subsample from the one they
were trained on. We report in Fig. the distributions of the BDT score relative to the
training and testing samples with a particular set of PID requirements for illustration
purposes.

3.5.2 Optimization procedure

The first step of the optimisation procedure consists in determining the amount of signal,
cross-feed, partially-reconstructed, and combinatorial background events surviving each
combination of PID and BDT requirements. The PID requirements used to select protons
for the pK~ and pr~ final states require the DLL,x and DLL,, variables to be greater
than a given threshold, while to choose kaons we ask DLLg, and DLLg, to be greater
than a given threshold. Finally, we impose DLLg, and DLL,, to be smaller than a given
threshold when discriminating pions from kaons and protons. Note that the value of
the DLLg, and DLL,, variables used to select kaons and pions for pK~ and pm~ final
states are constrained to be mutually exclusive with respect to the DLL,, and DLL,x
requirements employed to select protons. This is done in order to avoid double counting
among the different final states.

We perform maximum-likelihood fits to the selected samples in order to obtain the
various yields and the other relevant parameters of the fitting model; note that in this step
the two C'P-conjugate final states of each decay are not distinguished, hence no asymmetry
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Figure 3.11: Distribution of part of the variables used in the BDT training for (blue) signal and
(red) background events. The dataset corresponds to a particular set of PID cuts for Selection A.

is measured. The model used to describe the data is the one described in Section 3.4l As
an example, we report in Figs. [3.15] and [3.16] two normalisation fits corresponding to the
pK~ and pr~ invariant-mass spectra.

The yields of signal, partially-reconstructed background and combinatorial background
events are left free to vary in the fit procedure. The number of cross-feed background
events is calculated in a different way. First of all, we consider only cross-feed background
contributions to the p K~ and pr~ invariant-mass spectra where just one final state particle
is misidentified, since the amount of decays where the identity of both final state particles
is wrongly assigned is expected to be negligible even with the softest PID requirements
scrutinised. Thus, the cross-feed backgrounds considered in the fit model are

e B 5 7tK~, B - 7t K~, B - K*K~, and A) — pr~ decays for the A) — pK~
invariant-mass spectrum;

e B » Ktr~, B —» K*r~, B® = ntn~, and A) — pK~ decays for the A) — pr~
invariant-mass spectrum.

We determine the number of B®— K7~ (B® — 7+ K~) decays directly from the fits to
the pK~ (pm~) invariant-mass spectrum. The yields of the other cross-feed backgrounds
coming from B mesons, i.e. B— 7t K~ and B’— K™K~ (B— K*n~ and B’ — 77 ™),
are constrained to the B' — K7~ (B? — 7t K~) yield, while the yields of cross-feed
backgrounds coming from the other AY decay are constrained to the yields of the signal.
The relation used to constrain the yields is

B; fz &

Ny = Ny
'B; [

(3.23)

where N; represents the yield of the considered cross-feed background, IV represents the
yield of the reference decay, B stands for the branching ratio, f is the hadronisation
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Figure 3.12: Distribution of part of the variables used in the BDT training for (blue) signal and
(red) background events. The dataset corresponds to a particular set of PID cuts for Selection A.

Table 3.5: Values used in Eq. taken from Refs. .

Quantity Value

B(B'— K*7~) (19.6 £ 0.5) x 1076
B(B*— ntn~) (5.12+0.19) x 10~
B(B"— KTK~) (26.642.2) x 107
B(B®— 7+ K~) (5.8+0.7) x 10~
B(A’— pK~) (5.4+1.0)x 10~°
B(AY— pr~) (4.540.8) x 107°
fo/fa (13 TeV)  0.2539 + 0.0079

fraction of the b hadron, and ¢ is the PID efficiency of the decay. The values of the
branching ratios and of f;/f; are taken as an external input from and [132], and
they are reported in Table .5 In Fig. are shown the values of the PID efficiencies
obtained from the calibration procedure described in Section using the best PID and
BDT requirements found for the pK~ and pr~ final states by means of the optimisation
procedure.
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Figure 3.13: Correlation matrices of the variables used to train the BDT for (top) signal and
(bottom) background samples. The dataset corresponds to a particular set of cuts for Selection A.
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Then, we perform 50 pseudoexperiments for each combination of BDT and PID
requirements, generating and then fitting each sample. Note that in this step we introduce
the asymmetry between the two CP-conjugate modes for each component, generating a
dataset with a null injected asymmetry and then leaving it free to vary in the fit. Toy
studies are used to check that the precision on the asymmetry does not depend strongly on
the value of the asymmetry itself for asymmetries lower than 10%. Indeed, toys show that,
if any effect exists, it is of the order of 0.01%, that is approximately 100 time smaller of
the precision we will have on the measured raw asymmetries. Finally, we take the average
of the fifty uncertainties on each signal raw asymmetry for each set of BDT and PID
requirements and we identify the criteria that give the smallest average of the statistical
uncertainties on the asymmetry. The optimal values of the requirements found for the
AY— pK~ and AY— pr~ decays are listed in Table

For Run 1, we will use the same values which were found in Ref. |[13] with the same
strategy, and that are reported in Table [3.7]

In Fig. are shown the histograms of the 50 values of the asymmetry errors from
the toys for the two selections with the optimal cuts from Table [3.6] As it can be seen, the
value of the asymmetry error is stable across the toy samples, with an RMS of less than
0.01%. We also show in Fig. the dependence of the predicted statistical uncertainties
of the two raw asymmetries on the PID and BDT requirements.

The optimised requirements for DLLg,(K) and DLLg,(7) are on the border of the
probed region, and hence suggest to further loosen the requirement. However, a larger
contribution of A — pK~ decays at the A) — pr~ peak (and vice versa) may lead to
larger systematic uncertainties not yet estimated at this level. As a consequence, the
requirement on the AY — pr~ PID variable is not further loosened.
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Figure 3.17: PID efficiencies of (mis)identifying a two-body decay (y-axis) as a particular
final state (x-axis), computed with the method described in Section The top and bottom
tables correspond to the optimal values for Selection A and B, respectively, which are reported

in Table @
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3.5. Offline selection optimization

Table 3.6: Optimal PID and BDT requirements found by the optimisation procedure for the
A)— pK~ (Selection A) and A) — pr~ (Selection B) decays in Run 2, and predicted value of
the raw asymmetry uncertainty.

Selection A Selection B
Cut Value found Cut  Value found
PID1 = DLL,.(p) >9 PID1 = DLL,.(p) > 13
PID2 = DLL,k(p) > 5 PID2 = DLL,k(p) > 7
PID3 = DLLg,(K) >1 PID3 = DLLg,(7) < -1
PID4 = DLLg,(K) > -5 PID4 = DLL,.(w) <3
BDT > 0.08 BDT > 0.12
Average asymmetry error  0.75% 0.99%

Table 3.7: Optimal PID and BDT requirements found by the optimisation procedure for the
A)— pK~ (Selection A) and A) — pr~ (Selection B) decays in Run 1, as previously obtained
in [13].

Selection A Selection B
Cut Value found Cut  Value found
PID1 = DLL,.(p) > 11 PID1 = DLL,.(p) > 11
PID2 = DLL,k(p) > 7 PID2 = DLL,k(p) > 7
PID3 = DLLg,(K) >0 PID3 = DLLg,(7m) <0
PID4 = DLLg,(K) > -7 PID4 = DLL,.(7) <9
BDT > 0.16 BDT > 0.2
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Figure 3.18: Histograms of the 50 asymmetry errors obtained from the toys for (left) Selection A
and (right) Selection B with the optimal cuts.
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Figure 3.19: Plots showing the predicted uncertainty on (left) Ayaw(pK ) and (right) Apaw(pm™)
as a function of different combinations of BDT and PID requirements. The highlighted square
indicates the optimal value found in the optimization.
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3.6. Modification to the invariant-mass model

Table 3.8: Fractions of the Gaussian functions contributing to the invariant-mass resolution model
as used in the final fits. The ratios between the widths of the two Gaussian functions contributing
to the invariant-mass resolution model for different final states, with respect to those determined
for the K™K~ spectrum, are obtained from fully simulated events.

Selection A Selection B

Variable Value Variable Value
fi(BY— K*K") 0.121 + 0.001 fi(BY— KTK™) 0.124 4+ 0.001
(BO—> K*tK™) 0.69 £ 0.01 (B0—> KtK™) 0.69 £ 0.01

f[(B— Ktr™) 0.149 £+ 0.002 f(B— K*n™) 0.151 £ 0.002

fo(B— Ktr™) 0.700 £ 0.008 f2(B®— K*n™) 0.701 £ 0.009

f1i(B'— 777) 0.175 £ 0.002 f1(B®— 777) 0.180 £ 0.002
f2(80 — ) 0.709 £ 0.006 f2(30 — ) 0.705 £ 0.007
f(/l2—>pK‘) 0.177 £ 0.002 f(A)— pK_) 0.178 £ 0.002
f(A)— pr) 0.213 £ 0.002 f(A)— pr) 0.217 £ 0.002
01(K+7T*)/01(K+K*) 1.006 + 0.005 o(Ktn7) /o (KTK~) 1.006 £ 0.005
oo( KTn™)/oo(KTK™)  1.06 £0.02 oo( K7 )Joo(KTK™)  1.07£0.02
oy(ntn7) /o (KTK™) 1.033 £0.005 or(rtn7) /o (KTK™) 1.032 £0.005
oo(mtn™) Joo(KTK™) 1.033 £0.005 02(7 ) oa(KTK™) 1.032+0.005
o1(pK~) /o (KTK~)  1.113£0.005 o1(pK™) /o (KTK~)  1.109 £ 0.005
o1(pr~) /o1 (KTK™) 1.116 £ 0.005 o1(pr~) /o (KTK™) 1.116 £ 0.005

3.6 Modification to the invariant-mass model

The invariant-mass model used to fit the samples surviving the optimised selection is
the same described in Section [3.4 We apply a few tunings in order to achieve a better
stability in the final fits to the data.

3.6.1 Constraints to the invariant-mass resolution model

In order to constrain some of the parameters governing the invariant-mass resolution
model we use fully simulated events. We fix the value of the fraction (f12) between
the two Gaussians of the resolution model to that observed in simulated BY — K+ K~
events, and this parameter is common between all the spectra. In addition, in order to
take into account the dependence of o1 and oy from the PID requirements, we fix the
ratios (o) (K1) /o1 (KYK™), oy (ntn™) /oy (KTK™), o1(pK™) /o1 (KT K™) and
o1(pr™) /o1 (KT K™) to the values determlned from sunulatlon. The values of the fractions
and the ratio of the widths of the Gaussian functions obtained from the fit to fully
simulated events are reported in Table

3.6.2 Determination of the yields of cross-feed background

In contrast to the fits presented in Section [3.5 now all the cross-feed components are
considered in the mass model. The amount of these contributions is constrained to the
amount of the same decay where the final state is correctly identified. For example, the
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yield of misidentified B® — K*7~ decays in the K™K~ spectrum is obtained from

e (B K+ |KVK™)
e(B'— Ktn—|K+tn—)’

N(B"» K'r |[KTK™)=N (B’ K'n |K*n") (3.24)
where N (B°— K7~ |K*TK™) is the number of B — K7~ decays present in the K+ K~
mass spectrum, N (BY— K*7~|K*7~) is the number of correctly identified B® — K7~
decays in the K7~ spectrum, e (B°— K7~ |K+tK™) is the probability to assign the
K™K~ hypothesis to a B®— Kt~ decay, and ¢ (B®— K7~ |KTn™) is the probability
to assign the correct mass hypothesis to a B — K7~ decay. The various PID efficiencies
used to compute the yields of cross-feed decays are shown in Fig. 3.17]

3.7 Results of invariant-mass fits

In this Section the results of the simultaneous invariant-mass fits to the Hy, — h™h'~
samples performed to measure A, (pK~) and A,.(p7~) are presented. The binned
maximum-likelihood fits features 189 parameters, of which 44 are free:

e four raw asymmetries for the H, — hTh'™ modes: A.w(B°— KT77), Auw (B —
7T+K—)a Araw</12 — pK—)7 Araw(/ll? — pﬂ__);

e three raw asymmetries for the combinatorial backgrounds relative to the K+n—,
pK~ and pr~ final states;

e four raw asymmetries for the three-body partially reconstructed background compo-
nents in the K*t7~, pK~, pr~ invariant-mass spectra; the number of parameters
results to be greater than the number of final states since for the Kt~ sample two
sources of partially reconstructed backgrounds are considered, one from B decays
and the other from BY decays;

e cight yields for the signal H, — h*h/~ decays: B - K*n—, B® - KtK~,
B 71tn, Bl atK~, B KTK~, B’ ntr—, AY— pK~, A)— pr~;

e five yields for the combinatorial background relative to K+tn~, K* K, ntn~, pK~
and pr~ final states;

e six yields for the three-body partially reconstructed background components con-
tributing to the K*n~, KTK~, nt7~, pK~ and pr~ final states; as for the raw
asymmetries, the K7~ spectrum is parameterized using two yields instead of one;

e three parameters governing the exponential tail of the ARGUS p.d.f. that models
the three-body partially reconstructed background in the K*7~, KTK~, ntnx~
invariant-mass spectra; in this case the parameter governing the ARGUS shape in
the K™n~ is in common between B° and B? modes;

e three mean values (defined as p in Eq. (3.16)), of the Gaussian functions describing
the invariant mass resolution; the means are three since we are considering three
different kinds of b hadrons: B°, BY and AY;
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3.7. Results of invariant-mass fits

Table 3.9: PID selection criteria for the K*7n~, K™K, and 77~ mass hypotheses. To obtain
the charge conjugate final states, h™ and A~ must be exchanged.

Ktn— KTK— I o
Cut Value Cut Value Cut Value
DLLg,(h") >3 DLLgA(hT) >3 DLLg,(ht) <=3
DLLk,(h") > —=5 DLLgy(h*) > -5 DLL,(h") <5
DLLk,(h™) < —3 DLLg.(h™) >3 DLLk,(h™) < -3
DLL,.(h™) <5 DLLk,(h™) > -5 DLL,(h™) <5

Table 3.10: PID selection criteria applied for the pK~ and pm~ mass hypotheses when the
selection is optimised for the other final state. To obtain the charge conjugate final states, h™
and h'~ must be exchanged.

Selection B Selection A
pK~ prT
Cut Value Cut Value

DLL,.(h*) >10  DLLy:(h*) > 10

DLLpK( ) > 10 DLLpK( )

DLLi-(h'~) >3  DLLg.(h") < -3
) )

DLLg,(R'~) >—5 DLLy.(h'"~

e two standard deviations relative to the Gaussian functions composing the mass
resolution for the K™K~ invariant-mass spectra;

o five exponential slopes for the combinatorial background relative to the K+n—,
KtK—, ntn~, pK~ and pr—;

e one additional parameter (defined as b in Eq. (3.22))) to describe the rise of the
turn-on point of the combinatorial background in the p K~ spectrum at low invariant
mass;

The PID selection criteria for the Kt7—, K™K~ and 77~ final states are taken from
the previous analysis [13] and are reported in Table . The PID requirements used for
the pK~ and pr~ final states when the selection is optimised for the pmr~ and pK ~ final
states are the same as the previous analysis |13| and reported in Table . After the fit,
the sPlot technique [123] is employed to obtain signal weights for later use.

In Table the signal yields and the raw asymmetries for all the H, — hth'~ decays
are reported as obtained from the invariant-mass fits to the data sample selected using
Selection A on Run 1 and 2 data. In Figs. and the fits to all the invariant-mass
spectra for Run 1 and 2 after the requirements imposed by selection A are shown.

In Table the signal yields and the raw asymmetries for all the H, — hth'~
decays are reported, as obtained from the invariant-mass fits to the data sample selected
using Selection B on Run 1 and Run 2 data. In Figs. [3.22] and [3.23] the fits to all the
invariant-mass spectra in Run 1 and 2 after the requirements imposed by selection B are
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Figure 3.20: Run 1 invariant mass distributions of the (top left) pK ~, (top right) K*p, (second
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left) KT K, and (bottom right) 777~ spectra after selection A. The curves superimposed to
the data points represent the result of the best fit.
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3.7. Results of invariant-mass fits
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Chapter 3. Measurement of Acp(pK ™) and Acp(pr™)

Table 3.11: Values of signal yields and raw asymmetries obtained from the invariant-mass fits
with Selection A in (left) Run 1 and (right) Run 2 data.

Run 1 Run 2

Parameter Fit result

Signal yields

Nyg(B°— K*7~) 871614330 343917 = 680
Nyg(B*— K*K~) 667 + 66 1631 + 138
Nyg(B'— mtr=) 22178 £178 87081 + 364
Nyp(B*— 7t K~) 6063 + 118 24730 + 257
Nyg(BY— K+K~=) 306314193 121273 + 389
Nyg(B— mtr) 728 462 2928 + 137
Nag(A9— pK~) 5867 4 92 23150 + 179
Nig(A9— pr=) 3887 £ 79 15275 + 157

Asymmetries [%)]

Apa(B®—= K*+77)  —9.200 + 0.358 —9.213 + 0.183
Apaw(BY— v K~) 2265+1.71  25.309 4 0.895
)
)

Apaw (A9 — pK~)  0.86 £ 1.53 —2.424 4 0.749
Araw (A= pr~)  —0.134+1.94  —0.351 4+ 0.984

shown. In Fig. the raw asymmetries in all year and magnet polarity subsamples are
shown, both for Selection A and B.

3.7.1 Fast toy studies

To validate the fit, we repeat it 1000 times on a dataset sampled from the original
distribution and measure the mean and standard deviation of the resulting A, distribution
to check the presence of any bias. In Fig. the distributions of the pulls of the 1000
bootstrapped Ay (pK ™) and A (pm~) are shown for the corresponding selections. As it
can be seen, the fit model does not introduce any bias on the measured value of A,,,.

3.8 Fit model systematic uncertainties

In this Section the studies performed in order to assess the main systematic uncertainties
affecting the determination of the raw asymmetries of A) — pK~ and A — pr~ decays
are presented. All uncertainties are estimated by generating 1000 pseudoexperiments
sampled from the original distribution, fitting them both with the baseline model and
with an alternative model, and looking at the distribution of the differences between the
raw asymmetries obtained with the two models; the sum in quadrature of the mean and
standard deviation of each distribution is taken as the systematic uncertainty related to
the corresponding model modification. The pseudoexperiments are performed running
together all the subsamples, hence the systematic uncertainties will be applied to the final
average of Acp.
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3.8. Fit model systematic uncertainties
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Figure 3.22: Run 1 invariant mass distributions of the (top left) pm~, (top right) 7™ p, (second
row left) pK ~, (second row right) K*p, (third row left) K*x~, (third row right) 77 K, (bottom
left) KT K, and (bottom right) 777~ spectra after selection B. The curves superimposed to
the data points represent the result of the best fit.
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Figure 3.23: Run 2 invariant mass distributions of the (top left) pm—, (top right) 7™ p, (second
row left) pK ~, (second row right) K*p, (third row left) K*x~, (third row right) 77 K, (bottom
left) KT K, and (bottom right) 777~ spectra after selection B. The curves superimposed to
the data points represent the result of the best fit.
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3.8.

Fit model systematic uncertainties

Table 3.12: Values of signal yields and raw asymmetries obtained from the invariant-mass fits
with Selection B in (left) Run 1 and (right) Run 2 data.

0.20

Araw(A) = pK )

005
0.00
~0.05
~0.10f
~0.15
—020E

025

0.15
0.10 F

Run 1 Run 2
Parameter Fit result
Signal yields
NSlg(B — KTn™) 76962 + 302 303217 + 610
NSIg(B0 — KTK™) 608455 1567 + 119
NSlg(B0 — trT) 19552 + 160 76572 £+ 322
NSlg(B0 —7tK™) 5320+ 103 21879 + 219
NSlg(B0 — KTK™) 27030+ 178 106413 + 359
NSlg(BO —atrT) 625 +£47 2531 £ 103
SIg(A0—> pK~) 4606 £ 75 18521 + 148
Slg(/1 —pr) 3971+ 77 14641 £+ 144
Asymmetries [%)]
AraW(BO — Ktn7) —9.052+0.377 —9.050 £ 0.192
AraW(Bg —7atK7) 23.70+1.72 24.418 £+ 0.869
Araw(/lgépK_) —0.16 £ 1.62 —1.941 £0.794
Araw(/l,?—> pr~) 0.90 +1.89 0.143 £+ 0.949
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Figure 3.24: Values of the raw asymmetries of (left) A) — pK~ and (right) A — pr~ decays,
divided by year and magnet polarity.

Signal shape To assess the impact of the choice of the function to model signal events,
we modify the p.d.f. by switching from the sum of a Johnson Sy function and one or
two Gaussians to the sum of a double-sided Crystal Ball function and one Gaussian.
The shape parameters of the Crystal Ball are obtained from fits to simulated sample,
as done for the baseline Johnson function, and fixed in the fit;

Combinatorial shape To assess the impact of the choice of the function to model com-
binatorial background events, we modify the p.d.f. by switching from an exponential
function to a second-order Chebychev polynomial;
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Figure 3.25: Distribution of the 1000 values of A,y from the toy studies for (left) /12 — pK~
and (right) A) — pr~ decays. The distributions are shifted by the nominal value of Ay .

Cross-feed shape To assess the impact of the choice of the function to model cross-feed
background events, we fit the generated data with the same templates used in the
baseline model without applying the weights to correct for the PID requirements

(see Fig. for a comparison of the shapes with and without the weights);

Partially reconstructed shape To assess the impact of the choice of the function to
model partially reconstructed background events, we modify the p.d.f. by switching
from the templates obtained from fast simulation (see Section to an ARGUS
function. This change is only applied to the pK~, K*p, pr~, and 7D invariant-mass
spectra, as ARGUS functions are already used in the other 4 spectra; since modifying
the shape of partially reconstructed decays in non-signal spectra is not expected
to change significantly the yields of signal events in the target spectra, we don’t
apply any modification to the shapes of partially reconstructed decays in the KK,
7tn~, KTn~, and 7t K~ spectra;

PID efficiencies To assess the impact of the use of PID efficiencies to scale the yields of
cross-feed decays from those of signal events in all invariant-mass spectra, we fit the
generated samples with a set of PID efficiencies sampled from Gaussian functions of
means equal to the nominal values and widths equal to the nominal errors;

The results of the pseudoexperiments on the A) — pK~ and A) — pr~ samples are shown

in Figs. [3.26] and [3.27] and reported in Table [3.13] together with the sum in quadrature of
each term, to be used as a total systematic uncertainty related to the fit model.

3.9 Interaction asymmetries
In order to get the physical CP asymmetries, one needs to subtract from the raw asymme-
tries different sources of experimental asymmetries, as evidenced in Egs. (3.3)) and (3.4)).

In this section we will discuss only the determination of interaction asymmetries (Ap)
of protons, kaons, and pions. We will describe the PID-induced and the trigger-induced

asymmetries in more detail in Sections and [3.11], respectively.
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Figure 3.26: Distributions of the difference of the 1000 baseline and modified Ayay(pK~) from
the pseudoexperiments for the estimation of systematic uncertainties: (top left) signal shape, (top
right) combinatorial shape, (middle left) crossfeed shape, (middle right) partially reconstructed
shape, and (bottom) PID efficiencies.
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Figure 3.27: Distributions of the difference of the 1000 baseline and modified A,y (p7~) from the
pseudoexperiments for the estimation of systematic uncertainties: (top left) signal shape, (top
right) combinatorial shape, (middle left) crossfeed shape, (middle right) partially reconstructed
shape, and (bottom) PID efficiencies.
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3.9. Interaction asymmetries

Table 3.13: Values of the systematic uncertainties due to the fit model estimated with A) — pK~
decays, divided by source. The last row reports the sum in quadrature of the terms, providing a
total value of the systematic uncertainty.

Source A)— pK~ A)— pr

Signal shape  0.024% 0.123%
Combinatorial shape  0.004% 0.003%
Cross-feed shape  0.013% 0.061%
Multibody shape  0.016% 0.011%
PID efficiencies  0.040% 0.049%

Sum in quadrature  0.051% 0.146%

The interaction asymmetry of a charged particle arises from the difference in the
interaction cross-sections of positively- and negatively- charged particles with the detector
material; as these can lead to a different proportion of positive and negative particles
being detected by the experiment, it is important to estimate them.

It must be noted that the LHCb detector did not get any changes’| between Run 1 and
Run 2, therefore the material encountered by particles traversing has remained the same,
and so must be the interaction asymmetries. If that is the case, it should be sufficient to
measure the interaction asymmetry of a particle in either Run 1 or Run 2 to have a valid
measurement for both runs.

To test this assumption, we will compare two different methods used for computing
Ap(m~) in Run 1 and Run 2 in the past and confirm that they yield similar results; we
will also measure directly Ap(K~) for both Run 1 and Run 2 to ensure that they are
compatible, at least to the current level of precision achievable; these evidences will then
allow us to use a measurement of Ap(p) available only for Run 1 on the Run 2 sample as
well.

3.9.1 Pion detection asymmetry
The pion detection asymmetry is defined as

+\ €reco(7r+> - 5reco(ﬂ-—)
Ap(r) = Ereco (M) + Ereco(T7)’ (3:20)

where €., stands for the reconstruction efficiency of the given particle. The pion detection
asymmetry has been measured on two separate occasions in Run 1 and Run 2, with
two different methods that are not part of this thesis; we will now briefly describe them
nonetheless.

Run 1 the measurement was carried out during the a%, Run 1 analysis [115] by study-
ing partially reconstructed D**— (D°— K-ntr—nt)r] decays. The procedure
involves selecting decays in which one of the final-state 7+ is undetected by study-
ing the mass difference AM = m(rf K n"n~) — m(K 7w xn~), that thanks to the

3The only modification being the removal of aerogel from RICHI, but its lightness suggests the effect of
its removal on the total material budget is negligible.
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Run

kinematic constraints is sufficient to infer the momentum of the missing pion using
the Lagrange multiplier method. By selecting the fully reconstructed events as well,
a reconstruction efficiency can be defined as

:t) _ Npartial(ﬂ-:t)

Ereco (7T Nfull(ﬂ'i) .

(3.26)
The efficiency can be measured as a function of pion momentum to allow a comparison
between the kinematics of pions from different samples, To correct the momentum
resolution of the missing pion in the partial reconstruction, which is worse than the
resolution of a detected pion, an unfolding was performed to obtain an efficiency
correction as a function of the true momentum of the charged particle. From the
efficiencies for positive and negative particles, then, the asymmetry can be computed

using Eq. (3.25)).

2 the measurement was carried out during the bin-flip D® — K7~ analysis [116].
The method involves reconstructing prompt K — 77~ decays by combining one
VELO track and a long track; the missing momentum, and therefore the invariant
mass of the KQ candidate, can be inferred by constraining the origin of the Kg
candidate to the primary vertex. After that, it is checked if a matching long track
is found to fully reconstruct the decay. The efficiency to reconstruct a pion is then
determined by mass fits to the tag (long track) and the probe (VELO track) sample
and the combining the yields according to

it N (7% VELO tracks matched to long tracks) (3.27)
reee N(m* VELO tracks)

The efficiencies are obtained as function of momentum, 7 and charge and the
asymmetry is calculated using Eq. (3.25).

Table and Fig. [3.28|report and show the values of Ap(7 ") in Run 1 as a function of
pion momentum. The measurement was carried out up to 100 GeV/c? of pion momentum,
so in order to ensure coverage of higher-momentum pions in the A) — pr~ sample one last
bin was added with central value equal to the previous one and twice the uncertainty. The
Run 2 values of Ap(nt) are shown in Fig. and reported in Table , as a function
of pion momentum and pseudorapidity. The statistics was not sufficient to perform the
measurement in several bins, in which a value of (0£1)% is set; this is justified by noticing
that these bin mostly occur at high momentum in Fig. [3.29 where detection asymmetries
are expected to become smaller in magnitude. This measurement was only performed
for 2016, 2017, and 2018; for 2015 data, we will use the map for 2016 and inflate the
errors according to the ratio of the integrated luminosities collected in the two years

(v/L(16)/L£(15) ~ 2.4), to simulate the difference in data sample sizes.
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Table 3.14: Values, in percent, of the pion interaction asymmetry in 2011 and 2012, separated by
magnet polarity.

Momentum 2011 2012
[GeV/? Down Up Down Up
€[2,6] —0.59+036 —-045+0.43 0.32+0.22 —1.214+0.21
p 6 [6 15] 0.34+024 —-047+0.29 0.00+0.15 —0.5240.15
€[15,20] 0.14+0.34 —0.22+042 -0.12+0.21 0.08+0.21
€[20,30] 0.18+0.37 —0.31+£045 —-0.12+0.22 0.04 £0.22
€[30,40] 0.04+£0.56 —0.11+£0.68 —-0.73+0.33 0.15+0.33
p € [40,50]  0.04 4+ 0.80 0.884+0.96 —0.50+£0.48 0.15+0.48
p € [50,100] —0.49 £+ 0.88 0.6+t1.1 —1.07£0.51 0.62+0.51
€ [100, 150] —05+18 0.6+21 —1.1+1.0 0.6+1.0
* Mig:\itUp * Migﬁit Up

0.021 ¥ Magnet Down 0.021 ¥ Magnet Down

0.01 4 0.01 4

: +¢ R ﬁ
£ 000 # £ 0,001 —+—#’:*:
< ~ <
—0.01 1 —0.01 +
—0.02 A —0.02 1
—0.03 T T T T T T T =0.03 T T T T T T T
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Pion momentum [GeV] Pion momentum [GeV]

Figure 3.28: Values of the pion interaction asymmetry in (left) 2011 and (right) 2012, separated
by magnet polarity.

95



Chapter 3. Measurement of Acp(pK ™) and Acp(pr™)

IF0 IF0 IF0 IF0 IFO0 IF0 [cL'o¢l>d  [ocov]ol
ZOFT0 TOFT0— TOFT0 TOF 10— ZOF00 Z0FC0 og‘or] 2d  [oc‘op] >b
T0FCT0— Z0F G0 TOFT0— T'0F 20— TOFT0— ZOFT0 ovcel 2d  [oc‘op] b
ZOFF0— Z0FG0— TOFT0— ZOFT0 T0TFT0 TOFE0o— leg‘gqgl>d  JogovloU
TOFO00 T0OF 60— TOF00 T0OFC0— TOFT0— TOFT0o— [scog)>d  [ogov] ol
800 F 000  LOOFCSFO— TOFO00— T'0F€0— T0OF¥70— T0OFe0— [ozgrl>d  [ogop] >l
9000 F9¥2°0  80°0 F € 0— TOFTO T'0F 90— TOF 10— coOFeo— [grerl>d [ogor] U
€00°0 F GF¢0—  L0°0 F 6¥°0— TOFZT0 T0F¥0— T0FZ0 T0F90— [eror]>d [ogov) 2>l
LO0FST0— 900 FIT°0— SO0OTFET0— LOOFOF0— 600F2I0 600FLz0— [01°'])2d  [ogop] ol
IF0 IF0 IF0 IF0 IF0 IF0 [8cl>d [0¢07] 2L
IF0 IF0 IF0 IF0 IF0 IF0 cel>d (XM dIERE
GOFE0 70F G0— €0FT0— €0F 00— ¢OFF0— S0F90 [cL'o¢l2d  [ovioelal
€0FT0— €0F 00 €0FT0— COF 10— YOFT0 7OFT0 oc‘or] 2d [ov'oel 2 :
ZOFE0— TOFC0— TOF 00— TOFTO TOFT0 TOFT0— lov‘eel2d  [ovogl >
TOFT0- TOFTO TOFT0—  600FS00 TOFTO— T0OF 00 [ce'sel>d  [ov‘0¢el > :
800 F6T°0— L0OOFS00— 900FCro— GOOFIO0 L0OOF620— L0OOFTII0 [sgoe)2>d [ov‘oglal
G0'0F2T0— FOOFTI00— FOOFHT0— FOOFFO0— CO0FLZ0— GOOFOT0 [oz‘cr]=>d [oF d.m_ EXY
G0°0 F 02°0— GO0FIT0 FOOFFE0— FOOFTIOO— 900FS8C0— 900F80 [s12r)=2d  [ov‘0¢l 2 :
POOF 00—  FOOFL00 FOOFOL0— €00FT00 SO0FGE0— <S00Fero [erorl2d [ov‘og 2
POOFCE0—  €00FTIT0  €00F980— €00F200— FOOFLEO— FOOFITO [o1°'8]=2d  [oF‘0¢l > s
€00 FLF0—  €00F6I0 SO0FEY0— FOOFIT0 900FL90— 900FLe0 [8¢lad 070¢€l > :
IF0 IFO0 IF0 IF0 IF0 IF0 cgl=>d [(RANESE
IF0 I1F0 IF0 IF0 170 IF0 [cL'o¢l2d  oe‘oel >
IF0 I1F0 IF0 IF0 IF0 IF0 [oc‘or] 2d  [0€‘0c] 2
IF0 IF0 IF0 IF0 IF0 IF0 lov ‘zel > d smom_ws
IF0 IF0 IF0 IF0 IF0 IF0 [cgce] > d Smom_w:
70T S0 e0TFEe0— e0FE0 €0FT0 VOFE0— POFT0 [cc'og] 2d  [oe‘oel ol
Z0FE0 T'0F 00 TOFT0— T'0F00 Z0FT0— coFeo— loger]>d [ogoe ol
T'0FC0— TOF 10— T0F€0— TOFT0 TOF 10— TOFT0 [Tzt >2d  [o¢‘0oe]db
600 FL00— 800FE00— L00OFO0Z0— LOOFT00— 600F9¢0— 600FSc0 [erorl>d Jogog 2l
900 F82'0— S00F600— SO0F9Z0— SOOFE00 900F<Se0— 900FS8I0 [0o1'§)=>d [ogoe >l
Y00 FSS0—  FOOFFO0— FOOFCSHO— €00F200 FOOFFFO— FOOFIT0 [86lad [IXFAIERT
Z00FCeT—  €00F €T €00F6ST— €0FITT  FOOFLZI— FOOFIOT [gT)>d [(XF4IERC
dn umo( dn uMOo(T dn uMO(T [2/A°D ]
810 L102 910 wmjuewoy  AjrprdeIopnoes g

‘Kyureod jougewr Aq pejeredas ‘Tz pue ‘LT0Z ‘910 Ul (Juedied ur) Arjewrmudse uorjoeIojul uold o) JO SoN[RA G ¢ S[qR],

96



3.9. Interaction asymmetries

20<7<30 30 <n<4.0 10 <9 <50
0.010 * 4+ 2016 Up 0.010 4+ 2016 Up 0.010 4+ 2016 Up
4 2016 Down 4 2016 Down 4 2016 Down
0.005 (XU 0.005
o - :#:
— ¥ — —
E 0000 I + T 0000 -#T7F *;*;i = 0000 ’H} * i
< " < wtt — < t
—0.0054 * ~0.005 —0.005
+ t
~0.010 ~0.010 ~0.010
*
—0.015+ —0.015 ~0.015+
T T T T T T T T T T T T T T T T T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120 0 20 40 60 80 100 120
Pion momentum [GeV] Pion momentum [GeV] Pion momentum [GeV]
L4 20<n<3.0 3.0<n<40 4.0 <n<5.0
00104 + 2017 Up 00104 + 2017 Up 00104 + 2017 Up
+ 2017 Down + 2017 Down + 2017 Down
0.005 0.005 0.005
M 4
£ 0.000 "v*# £ 0.000 v'n:_:t::t o £ 0.000 ++
o s —— *
5 +
< R < & < i
~0.005 ~0.005 ~0.005
. t
~0.010 ~0.010 —0.010
00154 o —0.0154 —0.0154
T T T T T T T T T T T T T T T T T T T T T
0 20 10 60 80 100 120 0 20 10 60 80 100 120 0 20 10 60 80 100 120
Pion momentum [GeV] Pion momentum [GeV] Pion momentum [GeV]
20<7<30 30 <n<4.0 10 <7< 5.0
0010 * + 2018 Up 0.010 + 2018 Up 0.010 + 2018 Up
4 2018 Down 4 2018 Down 4 2018 Down
0.005 0.005 0.005
— — Ty + — *
E0.000-x T 0000 T = 0000 +*
E E e E] M
H ot .
< * < o < ty
—0.005- & —0.005- |+ —t— —0.005 || *
~0.010 ~0.010 ~0.010 +
.
~0.015+ ~0.015+ ~0.015+
T T T T T T T T T T T T T T T T T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120 0 20 40 60 80 100 120
Pion momentum [GeV] Pion momentum [GeV] Pion momentum [GeV]

Figure 3.29: Values of the pion interaction asymmetry in (top) 2016, (middle) 2017, and (bottom)
2018, for increasing pseudorapidity from left to right, separated by magnet polarity.

To obtain a value of Ap(7") to be subtracted from the raw asymmetry in the AY — pr—
sample, a reweighting of this asymmetries is done by computing:

N
Ap(r) =) fidp., (3.28)
i=1

where f; = w;/ Ziv w;, with w; the sum of the A) — pr~ s~ Weights in the i-th momentum
(and pseudorapidity for Run 2 data) bin, and Ap; is the value of the detection asymmetry
in the same bin. The results for both Run 1 and Run 2 are shown in Fig. 3.30] The
average values are found to be (—0.10+0.11)% for Run 1 and (—0.02 £ 0.07)% for Run 2,
compatible between each other.

3.9.2 Kaon detection asymmetry

The kaon detection asymmetry is defined as

- 5reco<K7) - 5reco<K+)
B 5reco(K_) + Ereco([(—’—) ,

Ap(K7) (3.29)

where €., stands for the reconstruction efficiency of the given particle. The kaon detection
asymmetry used in this thesis is obtained by measuring the two-body detection asymmetry
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Figure 3.30: Values of Ap(7™) reweighted over the signal /18 — pm~ sample’s kinematics, separated
by year and magnet polarity.

Ap(K~n*) with the use of D™ — K77 and Dt — K3r" control modes [113}/114].
Here we summarize the main points:

Dt — K-ntrt and Dt — KJr" decays are selected from Run 1 and Run 2 data,
applying the requirements reported in Table (3.16];

the samples are divided in bins of kaon momentum with edges (in GeV/c)
5,10, 15, 20, 25, 40, 60, 80];

in each bin, a kinematic reweighting is applied to equalize the kinematic of the two
decays, in order to cancel any residual nuisance asymmetry between them; to ensure
a successful reweighting, a fiducial cut defined by

pr(DT) < min (36 — 5.487(D*), 20tanh(4(n(D") —1.8)), 100 — 19.5n(D™))

is added to both sample to avoid regions of the phase-space not sufficiently covered
by either sample (pr(D%) in GeV/c);

a maximum-likelihood fit is performed in each bin to the reweighted D* and D~
invariant-mass distributions to obtain the raw asymmetries, which can be expressed
as:

A (DY = K r7t) = Ap(K 7t) + Ap(7") + Aexp(DT— K7 7t),  (3.30)
A (DT — K37%) = A(K®) + Ap (7)) 4+ Acp (DT — Ko, (3.31)
where CP asymmetries are ignored as they are expected to be negligible for Cabibbo-

favoured decays, and A(K®) includes the effects of CP violation in KJ — 77~
decays and interaction of a K° with the detector material, and was last measured
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Table 3.16: Offline selection of (top) DT — K~ w7 and (bottom) DT — KJrT decays. The
numbers in round brackets correspond to the values used in 2016, while those in square brackets
were used only for the Run 1 sample.

Variable Cut Units
Track x?/ndf of each daughter < 3

pr of each daughter > 250 MeV/c
At least one daughter with pr > 1(0.2) GeV/c
At least two daughters with pr > 0.4 (0.2) GeV/e
X3 of each daughter > 4 (25)

At least one daughter with xp > 50 (100)

At least two daughters with xip > 10 (49)

DLLy, (K) > 1 0]

DLL,(K) > -5 -7

DLL g () < 5

Scalar sum of daughters’ pr > 3 (1) GeV/e
pr(DT) > 25 GeV/e
D" decay time > 0.4 (0.5) ps
D vertex fit x?/ndf < 6(1)

DT pointing angle (a.k.a. arccos(DIRA)) < 10 (14.1) mrad
D flight-distance x? > 150 (125)

m(DT) € [1.80,1.94 GeV/c?
pr of each daughter > 250 MeV/c
X3p of each daughter > 36

DLLg, of the bachelor pion < 5

K vertex fit x%/ndf < 30

m(K°) € [463,533]  MeV/c?
K decay time (w.r.t. best PV) > 2 ps

z position of the K vertex € [-100,500]  mm
Scalar sum of daughters’ pp > 2 GeV/e
pr(DT) > 25 GeV/e
DT pointing angle (a.k.a. arccos(DIRA)) < 17.3 mrad
DT flight-distance 2 > 30

Dt decay time > 04 ps
m(DT) € [1.80,1.94 GeV/c?

in [133]. The remaining experimental asymmetries, which we called Aey, (DT — f)
and that include the D production asymmetry, the D+ bachelor pion detection
asymmetry, and the trigger-induced asymmetries, are expected to be equal and
thus cancel out after the kinematic reweighting. Therefore, the K~ 7" interaction
asymmetry can be computed as:

Ap(K™7%) = A (DT = K 777") — A (DT — K377) + A(K®);  (3.32)

e finally, the kaon detection asymmetry can be obtained by subtracting the pion
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Figure 3.31: Kinematic distributions of the D™ — K~ 77T and D — K{r™ samples before
(left) and after (right) the kinematic reweighting. The plots correspond to the fifth momentum
bin (25 < p < 40 GeV/c?) of the 2018, magnet down sample.

interaction asymmetry as measured in Section [3.9.1

AD(K_) :AD(K_W+) —AD(’]T_'_). (333)

In this thesis, we applied the procedure separately to the sub-samples divided by year
and magnet polarity. The kinematic reweighting is performed with the hep-ml package [134],
to equalize the pr and n distribution of the D and the tag pion. The latter is defined
as the 7 from the DT — K7 " decay, and the one pion firing the H1t1TrackMVA line
(or H1t1TrackA11LO in Run 1) in the D*— K~ 77t decay, or one random pion in case
both activate the trigger. In Fig. the kinematic distributions in one momentum bin
before and after the reweighting are shown.

After the reweighting, a maximume-likelihood fit is performed to extract the raw
asymmetries. The signal shape is modelled by the sum of a Crystal Ball |[135] function
and one or two gaussians for DT — K{n™ and Dt — K~ w7 decays, respectively. The
combinatorial background is modelled with an exponential function. The plots of the fits
in all subsamples are shown in Section [3.15]

After subtracting the D™ — K77 and Dt — KJr" raw asymmetries and using
the value A(K°) = (=5.1 £0.6) x 10~* from Ref. [133|, the values for the two-body
interaction asymmetry Ap(K~7") are obtained. In Ref. [133] the value of A(K®) was
measured using two distinct decay channels, namely DT — K{r™ and D} — KJK™.
The number used in this analysis comes from the former, while the latter returned the
result A(K?) = (=8.5 £+ 1.3) x 1074, differing from the other one by about 2.5¢ due to
the different decay-time distribution of the K meson. To make a conservative estimate
of a possible systematic effect due to the different kinematic distribution of the K
meson from the DT — KQr" channel, we will add in quadrature an uncertainty equal
to three times the difference between the two values of A(K?) quoted in Ref. [133], i.e.
3% (8.5—5.1)x 107% = 1.2 x 1073, resulting in a value of A(K?) = (=5.14+1.3) x 1074

To get the single-track Ap(K ™) asymmetry, in each bin of kaon momentum the single
pion asymmetry maps from Tables and are integrated over the non-tag pion
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Table 3.17: Values of the (left) K~ 7t and (right) K~ interaction asymmetries obtained from
the Run 1 and Run 2 samples.

K7t K~
Momentum Run 1 Run 2 Run 1 Run 2
[GeV/¢?] %] %] %] 2]
b<p<1l0 -3.0424 —1.34 £0.20 —2.8+24 —1.234+0.20
10<p<15 —-0.554+0.30 —0.868+0.093 —0.36=+0.31 —0.763 £ 0.095
15<p<20 —0.824+0.22 —0.639+0.090 —0.65=+0.23 —0.526 4+ 0.092
20<p<25 —=090+£024 —-0.6524+0.095 —0.77+0.25 —0.545=+ 0.097
25 <p<40 —1.04+£0.16 —-0.840=+0.082 —0.9040.17 —0.742 4+ 0.085
40<p<60 —-0.60£0.21 —-0814+0.12 —-0474+022 —-0.71+0.12
60<p<8 —-054+036 —0.65+0.14 —-041+0.37 —0.55+0.14
0.03 0.03
002+ T Rz 002 T
0.01 4 0.01
—~ 0.00 _0.00 iy
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Figure 3.32: Values of the (left) K~ 7" and (right) K~ interaction asymmetries obtained from
the Run 1 and Run 2 samples.

kinematic distributions to get a total asymmetry value per-bin, which is then subtracted
from the two-track asymmetry. The values of both Ap(K~7") and Ap(K ™) are reported
in Table and shown in Fig. [3.32] It can be seen how in each momentum bin the two
quantities are compatible with each other.

To obtain a value of Ap(K~) to be subtracted from the raw asymmetry in the
AY— pK~ sample, a reweighting of this asymmetries is done with a formula equivalent
to Eq. . The results for both Run 1 and Run 2 are shown in Fig. |3.33, The average
values are found to be (—0.69 £ 0.10)% for Run 1 and (—0.69 £+ 0.05)% for Run 2,
compatible between each other.

3.9.3 Proton detection asymmetry

Given the evidence for the compatibility between Run 1 and Run 2 values of the interaction
asymmetries of pions and kaons illustrated above, we deem it sufficient to use the available
Run 1 proton interaction asymmetry for both Runs. The measurement was performed
during the Run 1 A) production asymmetry analysis [112] that is not part of this thesis
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Figure 3.33: Values of Ap(K ™) reweighted over the signal Ag — pK~ sample’s kinematics,
separated by year and magnet polarity.

and for which we summarise the procedure:

e For every proton (or antiproton) track in the A) — (A} — pK~7")urX sample,
the total detector material encountered in the flight path, d*, is computed using a
simulation of the detector and expressed in units of the nuclear collision length \*.
The latter is in turn defined as the typical length that a hadron travels before it
undergoes an (in)elastic scatter with a nucleus in the material;

e Assuming that the dependence of A* on the momentum of the particle for the
detector material scales equally as the collision length for a deuterium target, for
which there are some available measurements [136-138]|, then the collision length for
any atomic number A and momentum p can be factorised as

(?H, 20 GeV)

Oay
)\i(A,p> - )\avg(Aa 20 GGV/C) go.:l:(QH p) ’

(3.34)

where ¢ indicates the hadronic interaction cross-section and the “avg” subscript
indicates a charge-averaged quantity;

e computing the traversed thickness for every (anti)proton, accounting for every
material collision length at a given momentum, a detection efficiency can be evaluated
as

+ d*
™ ox exp (—)\—i) , (3.35)

from which a detection asymmetry can be readily computed:

_ exp(—dT /AT) —exp(—=d~ /A7)
exp(—d*t/A*) +exp(—d= /A7)

Ap(p) (3.36)
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3.9. Interaction asymmetries

Table 3.18: Values of the proton interaction asymmetry in 2011 and 2012, separated by magnet

polarity.
Momentum bin 2011 2012
[GeV/? Down Up Down Up
10<p<15 (223£0.28)% (2.08+0.26% (2.20+0.28)% (2.07 +0.26)%
15<p<25 (L79+024)% (1.61+0.22)% (L.77+0.24% (1.60+0.22)%
25 <p<d40 (1.38£022)% (1.27+£0.21)% (L37+0.22)% (1.25+0.20)%
10<p<60 (L0S£0.20)% (1.02+0.19)% (1.07+0.20)% (1.02+0.19)%
60 <p<80 (0.89+0.18)% (0.86+0.18)% (0.88+0.18)% (0.85 =+ 0.18)%
80 <p<125 (0.74£017)% (0.74£0.17)% (0.75+0.17)% (0.71 +0.16)%
85 E_ 4+ /s =7 TeV, magnet up E 3 E_ 4+ /5 =28 TeV, magnet up
3.0;— + /s =7 TeV, magnet down -; 3.0;— + /s =8 TeV, magnet down i
2.52— 3 90 5E 1
EQ-OE‘# 3 gzof—#
= F :#: = F :#:
£ 1.5 I — z 15 b
< o — ] = F —— ]
i I S [N
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Figure 3.34: Values of the proton interaction asymmetry for (left) 2011 and (right) 2012, separated

by magnet polarity.

e Finally, the method is validated using partially reconstructed A — pr~ decays, for
which the protons can be reconstructed as an upstream or VELO track. To do
so, as a cross-check the detection asymmetries are also measured for pions from
KQ— 77—, which can be measured with a much higher precision, and compared
to those for protons. Any residual discrepancies between the results from data and
simulation are taken as systematic uncertainties for the measurement.

The measurement was performed both as a function of A) kinematics and proton momen-
tum; we will use the latter so that we can reweight it to the kinematics of the protons in the
signal AY — ph~ sample. The momentum distribution of the proton interaction asymmetry
in reported in Table [3.18 and shown in Fig. for 2011 and 2012. The asymmetry maps
are summed over the proton momentum of signal A) — pK~ and A) — pr~ decays with
the same procedure described in Eq. . For Run 1 the maps will be used as they
are, while for the Run 2 samples the 2012 map will be used for all years. The values for
each year and magnet polarities are shown in Fig. [3.35] The average values for A) — pK~
decays are found to be (1.45 £ 0.08)% for Run 1 and (1.45 £ 0.06)% for Run 2, while for
AY— pr~ they are (1.44 £ 0.08)% for Run 1 and (1.43 £ 0.06)% for Run 2.
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Figure 3.35: Values of Ap(p) reweighted to the proton kinematics of signal (left) A — pK~ and
(right) A) — pr~

3.10 PID asymmetries

Particle identification requirements on the the pK~ and pr~ final states can induce
asymmetries that need to be taken into account. The PID asymmetries are defined as

_ epip(PK ™) — epip(PK™)
A K )= )
_ epip(pr) — epmp(prt)
A = , 3.38
PID (pﬂ- ) £PID (pﬂ__) + epp (ﬁﬂ+) ( )

where epip(f) is the PID efficiency for the final state f. Since the application of fiducial
cuts described in Section [3.3|rejects phase-space regions where the PID calibration samples
do not provide enough coverage, the PID efficiencies computed on the signal samples can
be used directly in Egs. and .

The effect due to the choice of kinematic bins used to compute the efficiency maps
is evaluated as a systematic uncertainty on the PID asymmetry. In order to assess the
size of the effect, we alternatively varied the binning of each variable and we determined
again the PID efficiencies from Eq. for all the H,— h™h'~ decays. Furthermore,
an additional variable, the azimuthal angle of the track, ¢, is introduced for the binning,
for a total of 125 different binning schemes. The largest variation between the baseline
asymmetry and the asymmetry computed from the new efficiencies is eventually taken
as systematic uncertainty. When including the systematic uncertainty, the values shown
in Fig. [3.36] and reported in Table [3.19] are obtained. The Run-average values of App
for A) — pK~ are (—0.40 + 0.56)% for Run 1 and (—0.10 4 0.28)% for Run 2, while for
AY — pr~ they are (—0.36 £ 0.59)% for Run 1 and (—0.20 & 0.30)% for Run 2.

3.11 Determination of trigger-induced asymmetries
In this section the determination of the asymmetries introduced by the trigger requirements

is described. Since the candidates are required to pass some trigger selection, additional
sources of asymmetry can be introduced in the sample if the performance of the trigger
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3.11. Determination of trigger-induced asymmetries

Table 3.19: Values of the PID efficiencies and asymmetries for /12—) ph~ and /T2—> h*p decays
in Run 1 and Run2. The uncertainties for the asymmetries include the statistical and systematic
suorces.

Quantity A)— pK~ A)— pr—
Runl Run 2 Runl Run 2

e(AY)  (7637+£034)% (83.00+0.13)% (7290 +£0.34)% (75.34 +0.12) %

e(A0)  (76.97+036)% (83.18+£0.13)% (73.434+0.36)% (75.64 +0.12) %
App (—0.40+0.56)% (—0.10+0.28)% (—0.36 +0.59)% (—0.20 + 0.30) %
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Figure 3.36: Values of the PID asymmetries obtained for (left) A) — pK~ and (right) AY — pr—
decays, separated by magnet polarity. The uncertainties inlcude statistical and systematics.

differs for oppositely charged pK and pm pairs. In particular, the trigger selection of this
analysis are Hadron_TOS OR Global_TIS on L0 and TrackMVA_TOS on HLT1. Therefore,
we need to evaluate the effect of three components: the TOS part of L0, the TIS part of
L0, and the TOS part of HLT1. As the HLT2 selection is applied after the full decay chain
has been reconstructed, and the cuts from the H1t2_B2HHBDT line do not discriminate
between positively and negatively charged particles (see Table , no asymmetry is
expected at this stage, therefore we won’t need to compute any correction. The TIS part
will be estimated by means of BT — JApK* decays, while for the TOS contribution a
tag-and-probe method was developed using semileptonic A) — (Af — pK~7")urX and
B%— (D°— K*7~)urX decays. The followed procedure will be explained in the following
sections.

3.11.1 TIS asymmetry

A potential asymmetry from LOGlobal_TIS can arise from the fact that TIS events are
typically triggered by the other beauty hadron in the event, which preferably decays
semileptonically in a high-pr muon that can trigger LO. Since the charge of the muon is
related to the flavour of the b-hadron, an asymmetry between CP conjugate final states
can be introduced. The LOGlobal_TIS term of the selection is not expected to give a
noticeable effect on the raw asymmetry observed in the sample, as this trigger is activated
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Chapter 3. Measurement of Acp(pK ™) and Acp(pr™)

Table 3.20: Selection of BT — J/ K™ candidates for the TIS asymmetry computation (from [139)).

Particle Variable Cut
Bt — JWK* m(JK*) € [5150,5450] MeV/c?
t > 02ps
/ndf < 10
Jhp— it~ m(ptp~) € [3016.9,3176.9] MeV/c?
pr(p®) > 500 MeV/e
Xboca(t™) < 20
X%, /ndf < 16
DLL,.(4¥) > 0
K+ pr > 500 MeV/c
X%rack/ndf < 5
DLLg, > 0

independently of the signal decay by other particles coming form the pp collision; we will
evaluate this correction nonetheless.

In principle, any b-hadron decay with a large enough statistics should serve the purpose
of computing this asymmetry, since we have no way of knowing which decay was responsible
for the trigger decision. We decided to use Bt — J/ip K™ decays, and we will perform
the measurement as a function of the Bt transverse momentum, to account for possible
dependences of the asymmetry of the parent particle’s kinematics. The total value of
the asymmetry on the signal A)— ph~ sample will then be obtained by reweigthing the
distribution over the A) transverse momentum spectrum. The procedure for computing
the TIS asymmetry is the following:

e Apply a selection to the BT — JipK* sample, selected from the stripping line
StrippingBetaSBu2JpsiKDetachedLine; the selection is taken from [139] and is

reported in Table

e Divide the sample in 5 bins of transverse momentum, as well as by charge of the B
and trigger category:
— TIS: LOGlobal_TIS && LOHadron_TOS;
— ITIS: 'LOGlobal_TIS && LOHadron_TOS;

(note that LOHadron_TOS is required in order to have a common denominator for
the two samples firing or not the LOGlobal_TIS trigger.)

e For each subsample, perform a maximum likelihood invariant-mass fit to extract
the signal yields. The signal is modelled with the sum of two Gaussians and the
combinatorial background with an exponential function; the plots of the fits in all
subsamples are shown in Chapter [A}
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Figure 3.37: Values of Aig as a function of the BT transverse momentum for Runl and Run2.

e Compute the TIS efficiencies and asymmetry as:

N(TIS,B™)
T = ’ 3.39
“1s N(TIS, Bt) + N(!TIS, Bt) (3:39)
B N(TIS, B™)
= 3.40
c1s N(TIS,B~)+ N(!TIS, B™) (340)
_ Ers — Ets
ATIS - (341)

— + )
Errs T €T18

where the sign in Eq. (3.41)) reflects the fact that a B+ meson contains a b quark,
while a A) baryon contains a b quark.

The resulting Arig values as a function of the BT transverse momentum are shown
in Fig. for Run 1 and Run 2. A total value to be subtracted from the A) raw
asymmetries observed in data is computed by integrating the values over the transverse
momentum distribution of signal A) — ph~ decays, following Eq. . The values of Arg
in each subsample are shown in Fig. |3.38] The total corrections amount to (0.46 + 0.35)%
for Run 1 and (—0.13 + 0.13)% for Run 2, respectively, on the AY — pK~ sample, while
for the AY — pr~ they are (0.66 £ 0.36)% for Run 1 and (—0.17 £ 0.13)% for Run 2,

respectively.

3.11.2 TOS asymmetry

The TOS part of the trigger comprises two different algorithms: LO and HLT1; we
developed a new method for evaluating them. Large statistics samples of protons, kaons,
and pions are obtained selecting AY — (A — pK 7t)urX decays for protons and
B?— (D°— K*7~)uvX decays for kaons and pions; the latter sample is split randomly
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Figure 3.38: Values of Aryg reweighted to the kinematic of signal (left) AY — pK~ and (right)
AY— prr~ decays.

in half to decorrelate the correction for pions and kaons. Despite being very similar, we
will describe the procedures for LO and HLT1 separately.

LO trigger

The Level 0 hadron trigger selects events in which a significant amount of transverse
energy is deposited in the hadronic calorimeter. In order to evaluate the performance of
the trigger on positively and negatively charged particles, we need to get an efficiency
map as a function of the transverse energy deposited in the calorimeter. The steps are the
following;:

e To avoid any overlap between the energy clusters from the different particles in the
event, the semileptonic samples are selected by requiring that all energy clusters
in the hadron calorimeter are well separated; explicitly, this is done by asking that
the variable Trigger_ET, which stores the energy of the cluster that activated the
hadron trigger, should not be the same for any two of the particles in the eventﬂ;

e The Er of a cluster depends not only on the particle generating it, but also on
the underlying event whose particles generate energy deposits that may feed into
the considered cluster. To verify that this effect is the same in the A) — ph~ and
calibration sample, the distributions of Er/pr of the two samples are compared
in Fig. [3.39| for protons, kaons, and pions in different bins of pr. In the relativistic
regime Et = pr, therefore the distribution of their ratio should peak around 1, unless
particles from the underlying event hit the same calorimeter cell and increase the
energy deposit, making the ratio deviate from 1; it can be seen that the distributions
for reweighted semileptonic samples and background-subtracted signal events are
sufficiently similar and peak around 1, proving that the pollution from the underlying
event is the same in both samples. This ensures that the efficiencies determined
from the calibration sample can be used for the A) — ph~ sample;

4This requirement will also need to be applied to the /12 — ph~ sample: it results in removing about 6%
of candidates.
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3.11. Determination of trigger-induced asymmetries

e Combinatorial background events can then be easily removed with a sideband
subtraction, given the high purity of the samples and the flatness of the invariant-
mass distributions away from the signal peak; the signal regions are defined as
windows of width 16 and 26 MeV/c? centered around 2286 and 1865 MeV/c? for
AF and DY; respectively, while the two sidebands regions have half the size each
and are centered around 2239 and 2335 MeV/c? for AT and 1816 and 1923 MeV/c?
for D; the invariant-mass distribution of the two semileptonic samples are shown

in Fig.

e An efficiency map is computed as a function of transverse energy by triggering on
the muon and probing the hadron with the following formula:

N (LOHadron_TOS(h*) & LOMuon_TOS(u), E)

+
Ev) =
&, (Er) N (LOMuon_TO0S(u), E) ’

(3.42)

where h represents either a proton, a kaon, or a pion. This efficiency is also calculated
separately for the inner and outer region of the HCAL, as they have different
segmentations and thus likely different performances. The plots of the efficiencies
for all subsamples are shown in Chapter [Bl The Er bin edges are 0, 2, 2.8, 3.2, 3.6,
4,4.4,4.8,52,5.6,6,6.4,6.8,7.2,7.6,8, 84,8.8,94 and 10 GeV/ec.

e On the A — ph~ sample, in each Et bin and HCAL region a two-body efficiency is
computed; we will omit the Er and region dependence in the following to simplify
the notation and call £ the probability that a charged particle h € {m, K, p} with
a given Er activates the TOS trigger by hitting a cell in the inner/outer HCAL
region, and likewise 1 — 5f the probability that the same particle does not activate
the trigger; the two-body TOS efficiency can then be written as

e =6, (1—e,)+(1—¢))e, +e,¢e,,

1 (1—eh(1—e), (3.43)
e =c,(L—ey)+(1—g,)e, +e,¢1,
=1-(1-¢,)1—g}), (3.44)

from which a bin-by-bin asymmetry is obtained:

EA) —EX

AAO (345)

b’i

= T
5/12"_5/12

e Finally, the value of the L0 asymmetry is computed for the whole A) — ph~ sample
computing the sum:

N
Aros =Y fildag,i (3.46)
i=1

where i is the index of each Fr and HCAL region bin, f; = w;/ va w;, and w; is
the sum of s-Weights in the same bin. To assign a systematic uncertainty on the
TOS asymmetry, the efficiencies from Eq. were also produced applying the
method to simulated samples; the results are compared to those obtained from the
MC truth the simulation. The difference between the two numbers is taken as a
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Figure 3.39: Plot of E1/pr for (top left) protons, (top right) kaons, and (bottom) pions in the
inner HCAL region and for 0 < pp < 30 GeV/c. The blue line corresponds to the reweighted
semileptonic samples, while the red line to background-subtracted Ag — ph™ decays.

systematic uncertainty. The values of Appg for each year and magnet polarity are
reported in Fig. ; for A) — pK~ decays the total values are (—1.14 4 0.19)% for
Run 1 and (—1.2940.08)% for Run 2, while for A — pr~ they are (—1.124+0.20)%
for Run 1 and (—1.16 £ 0.09)% for Run 2.

Once Atis and Atpg are computed, they are combined to get Ay according to the
respective fraction of trigger category observed in data:

N(TIS&& ! TOS) A N(TOS)
TOS

A=A :
LO TIS N N )

(3.47)

as an example, the A) — pK~ sample contains about 39% TIS events and 61% TOS events.
The values shown in Figs. [3.38 and [3.41] and reported in the text are already weighted
according to these fractions.

HLT1

The first level of the High Level Trigger performs a partial event reconstruction and
selects promising candidates based on some preliminary information. In particular, the
H1t1TrackMVA line employed in this analysis makes a selection based on a two-dimensional
cut in the (pr,log(x%)) plane of the tracks. In order to evaluate the performance of the
HLT1 trigger on positively and negatively charged particles, we need to get an efficiency
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Figure 3.40: Invariant-mass distribution of the semileptonic samples /12 — (AF - pK—nh)uvX
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Figure 3.41: Values of Arog for (left) AY — pK~ and (right) A? — pr~ decays, separated by
year and magnet polarity.

map as a function of the transverse momentum and the log(x% ) of positive and negative
particles. The steps are the following:

e The semileptonic samples are selected with the same sideband subtraction as de-

scribed for the LOHadron_TOS trigger, minus the energy cell overlap cut;

e An efficiency map is computed as a function of transverse momentum and x% by

triggering on the muon and probing the hadron with the following formula:

N(H1t1_TOS(h*) & Hlt1TrackMuon_TOS(u) & LO_TOS(u))
N (H1t1TrackMuon_TOS(u) & LO_TOS(u))

eir (pr,log (xtp)) = :
(3.48)
where h represents either a proton, a kaon, or a pion. H1t1_T0S and LO_TO0S are
shorthands for H1t1TrackMVA_TOS and LOMuon_T0S, respectively. The plots of the
efficiencies in all subsamples are shown in Chapter [C} The pr bin edges are 0, 1.65,

1.8, 1.92, 2.04, 2.16, 2.28, 2.52, 2.76, 2.88, 3.24, 3.6, 4.08, 4.68, 6 and 12 GeV/c>.
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The log(x%) bin edges are 2, 3.5, 4, 4.5, 4.9, 5.3, 5.6, 5.9, 6.1, 6.4, 6.7, 7, 7.3, 7.6, 8,
8.6 and 12.

e On the A)— ph~ sample, in each pr bin and log(\%) bin we have a chance &i that
a charged h* particle with a given pr and log(x%) activates the HLT1 trigger, and
a chance 1 — 5f of not doing so; then the two-body efficiency can be computed as
(we omit the pr and log(x%) dependence in the following to simplify the notation):

€9 =er(l—g)+ (1 —¢ghe, +e5e,

=1-(1- 5;)(1 —¢7) (3.49)
e =c,(L—ef)+(1—¢,)e) +e,60
= 1—(1—5;)(1—57{), (3.50)
from which a bin-by-bin asymmetry is obtained:
E A0 — E F
Ap ;= i A (3.51)
b’ A9 + €10

e Finally, the value of the HLT1 asymmetry is computed for the whole AY — ph~
sample computing the sum:

N
Anrm = Z fiAAg,u (3-52)
i=1

where i is the bin index in the (pr,log(x%)) plane, fi = w;/ SV w;, and w; is the
sum of s-Weights in the same bin. Similarly to the L0 asymmetry, a systematic
uncertainty is added by doing the same computation with efficiencies obtained from
simulated samples and comparing it with the value obtained from MC truth. The
difference between the two numbers is taken as a systematic uncertainty. The values
of Agpr for each year and magnet polarity are reported in Fig. for A) — pK~
decays the total values are (0.01 £ 0.35)% for Run 1 and (0.01 + 0.16)% for Run 2,
while for A — pr~ they are (0.02 £ 0.35)% for Run 1 and (0.00 £ 0.16)% for Run 2.

3.12 Run 1 A} production asymmetry

The production asymmetry of a A baryon was measured in Run 1 studying A) — Af7~
decays [112], with A7 — pK~7". The measurement was performed as a function of A?
rapidity and transverse momentum, making it easy to apply the resulting maps (shown
in Fig. to a sample with a different kinematic distributions. We chose to use the
rapidity-dependent values, reported in Table [3.21] to compute the production asymmetry
on the signal AY — ph~ sample in Run 1. The computation is performed with the following
equation:

Ap(A}) = Z w; Ap ;, (3.53)
where i labels the rapidity bin and w; is the sum of the s-Weights of the AY — ph~ sample
in bin 7. The results of the computation are shown in Fig. [3.44} the Run 1 values are
measured to be (1.18 + 0.21)% for A — pK~ and (1.12 £+ 0.21)% for A) — pr~.
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Figure 3.42: Values of Agpr for (left) AY — pK~ and (right) AY — pr~ decays, separated by
year and magnet polarity.
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Figure 3.43: Values of the A) production asymmetry as a function of (top) rapidity and (bottom)
transverse momentum. Left values are for 2011, right values are for 2012.
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Table 3.21: Values, in percent, of the /lg production asymmetry in 2011 and 2012, separated by

magnet polarity.

Rapidity 2011 2012
Down Up Down Up
y €[2.15,2.58] —0.02+0.94 3.194+1.13 —0.47+£0.68 0.15+0.58
y €[2.58,2.80] 1.07+0.77 1.154+0.83 0.49+0.56 0.71 £ 0.50
y € [2.80,3.000 1.09+0.68 1.13+0.83 0.8+ 0.53 0.56 +0.48
y €[3.00,3.20] 1.87+0.74 1.4240.77 0.39+£0.52 1.17+£0.51
y €[3.20,3.43] 2294+0.65 3.16+0.75 0.87+£0.50 1.41+0.50
y € [3.43,3.70] 2.59+0.68 1.544+0.78 2.72+0.54 2.68+0.53
y € [3.70,4.10] 3.25+0.97 4.244+1.07 1.93+0.78 2.94+0.71
’I-\ 004_ T T T T T T ’I‘\ 004 T T T T T T
AL RS B §olemr,
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Figure 3.44: Values of the A9 production asymmetry on the (left) A) — pK ~ and (right) A) — pr~
samples in Run 1.

3.13 Asymmetries of the A) — Af7~ sample

As anticipated in Section , we will use a control sample of A) — (AF — pK 7)1~
decays to remove the production asymmetry on the Run 2 sample by subtracting the raw
asymmetries and computing the remaining instrumental asymmetries. This means that
PID, trigger, and detection asymmetries for all particles in the control sample must be
computed; they will be measured the same way as they were done for the signal channel,
with the changes needed to account for a 4-body decay. We will describe and show in this
section the computation of all nuisance asymmetries in the control sample.

The first step in this procedure is to select A) — (AT — pK~7")7~ decays: we adopted
the same selection used in [140|, which is summarised in Table with two differences:
the invariant-mass window is restricted to the range [5.54,6.15] GeV/c? to exclude most
of the peaking background contributions from cross-feed decays, and the PID requirement
ProbNNp > 0.6 on the proton is changed to DLL,x > 7, which has a similar efficiency
and will allow us to employ the methods described in Section for computing the PID
asymmetry on this sample.

Next, a reweighting is performed to ensure that the production asymmetry of the A?
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3.13. Asymmetries of the A) — Af7~ sample

Table 3.22: Selection requirements of A) — (AT — pK~7)7~ decays (from [140]).

Particle Variable Cut Units
All nTracks €  [15,500]
noo€ (2,9
hasRich == 1
isMuon == 1
AY m(Af7m=) €  [5540,6150] MeV/c?
LO Hadron_TOS OR Global_TIS
HLT1 TrackMVA_TOS
AF m(pKTn~) €  [2266,23006] MeV/c?
T > 0 ps
Flight Distance (FD) > 0
Xep > 2
p p € [10,150] GeV/e
pr € [1,45] GeV/e
DLL,x > 7
K p € [2,150] GeV/e
pr € [0.25,150] QeV/c
DLLg, > O
7 from A} p € [2,150] GeV/e
pr € [0.25,150] GeV/c
DLLg, < 5
7 from Ag DLLg, < O

baryon in the two samples cancels out; this is done by training a BDT classifier using the
hep_ml [134] package to make the kinematics of the control sample match with the signal
sample; the variables used for the training are the momentum and pseudorapidity of the
AY) and the reweighting is done without splitting it by year and magnet polarity as the
kinematic distributions of all the subsamples within a given Run period were found to be
similar, as show in Fig. |3.45] The distributions before and after reweighting are shown
in Fig. [3.46

On this reweighted samples, raw asymmetries are extracted with simultaneous
maximum-likelihood fits to the invariant-mass distributions of C'P-conjugated final states.
The signal events are modelled with a Crystal Ball distribution [135]; the combinatorial
events are modelled with an exponential function; the cross-feed events from AY — AT K~
decays are modelled with a Gaussian function with width in common with the signal shape
and mean restricted to the range [5.56,5.58] GeV/c?. The fits are performed separately
for each year and magnet polarity subsample. The plots of the fits in all subsamples are
shown in Chapter [D] while the raw asymmetries are shown in Figure [3.47]

After extracting the raw asymmetries, the pion, kaon, and proton detection, as well
as the trigger and PID asymmetries must be measured; they are computed with the
same procedure described in Sections to [3.11] with the difference that in this case
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Figure 3.45: Kinematic distributions of the Ag — AT7m~ sample in Run 2 divided by year and

magnet polarity.
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and A) — AF7~ before (left) and after
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Figure 3.47: Raw asymmetries of the A(b) — A7~ sample, divided by year and magnet polarity.

the final state is made of four particles instead of two. For example, the efficiencies

in Equations (3.43) and - becom(ﬂ
e(A) =1—1—e)(1—ex)1—eb)(1—e,), (3.54)
(/12)=1—(1—€p)(1—€f<)(1—€;)(1—&T)- (3.55)

The instrumental asymmetries for A) — AF7~ decays are shown in Figure , divided
by year and magnet polarity. In the plots, the label 7 indicates the pion from the decay
of the AY, while 7, indicates the pion from the decay of the AF. For illustration purposes,
the average values for Run 2 are also shown, although they are not used in the averaging
procedure to obtain the final results due to the correlations between all corrections, as
will be explained in the next section.

3.14 Combination of corrections to the raw asymmetries

In order to combine all the corrections to the raw asymmetries into a single value, their
correlations must be taken into account. Such correlations arise from the fact that some
information used to determine the corrections are used multiple times. For example, the
efficiency tables used to determine the PID asymmetries (see Sections and are
used to determine the correction for both the A) — ph™ and A)— AF7~ decays, as it can
be seen by looking at Eqs. ) and -

Another correlation to be taken into account is that among the different data taking
periods. In this case, for example, the correlation comes from the proton detection asym-
metry (see Section [3.9.3)), where the correction determined in bins of proton momentum
from 2012 data is used as well for all the Run 2 samples.

5The formulas shown here are shorthands for requesting that at least one of the four particles be TOS on
LO_Hadron.
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Figure 3.48: Instrumental asymmetries of Ag — AF7m™ decays. From top to bottom and from
left to right: PID, K detection, 7~ detection, 7 detection, proton detection, TIS, LO_Hadron,
H1t1. For illustration purposes, the average values for Run 1 and Run 2 are also shown, although
they are not used in the averaging procedure to obtain the final results due to the correlations
between al corrections.
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3.14. Combination of corrections to the raw asymmetries

Hence, in order to properly combine all the corrections, a set of pseudoexperiments have
been run. The strategy to generate the pseudoexperiments starts with the identifications
of the basic parts of the measurement that are completely independent from each other;
they are:

K7t detection asymmetries the detection asymmetry of a K~ 7t pair in bins of
kaon kinematic from Fig. is completely uncorrelated from any other corrections,
but the same maps are used twice for computing the kaon detection asymmetry
both for the signal and control sample;

Pion detection asymmetries the pion detection asymmetries in bins of pion kinematic
from Figs. and is used twice to compute the correction for the signal and
control sample; in addition, it is also used to obtain the kaon detection asymmetry
from the K~ 7" detection asymmetry, introducing an additional correlation;

Raw asymmetries of A) — Af7~ the raw asymmetries obtained from Fig. are
uncorrelated from everything else;

Proton detection asymmetry the proton detection asymmetry as a function of proton
momentum in Table and Fig. is only available for Run 1; for all the Run 2
subsamples, the 2012 map will be reused;

PID asymmetries the PID-efficiency tables from Section (see Fig. are indepen-
dent for all the years, but are used twice to compute the correction on the signal
and control sample.

LO TOS asymmetries the tables with LO TOS asymmetries as a function of Et and
HCAL region from Chapter [B| are independent for all the years, but are used twice
to compute the correction on the signal and control sample.

LO TIS asymmetries the tables with LO_TIS asymmetries as a function of the pt of the
AY from Fig. are independent for all the years, but are used twice to compute
the correction on the signal and control sample.

HLT1 asymmetries the tables with the Hlt1 efficiencies as a function of pr and x% of
particles from Chapter [C] are independent for all the years, but are used twice to
compute the correction on the signal and control sample.

AY production asymmetries the Run 1 values of the A} production asymmetry are
independent for all years and magnet polarities, but the are correlated to the
corresponding proton interaction asymmetry maps, as they are measured from the
same sample.

In the next step of the procedure, the information summarised in the list above, in
form of tables, is bootstrapped and new tables are created. The central values in each
bin of the tables are randomly extracted using Gaussian functions with mean and width
corresponding to central values and uncertainties from the original tables. At this point, a
new set of base informations necessary to determine all the corrections needed to compute
the CP asymmetries for each year and magnet polarity are available, and are combined

according to Egs. (3.3) and (3.4)) for Run 1 and Egs. (3.11) and (3.12)) for Run 2. Finally,
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the bootstrapping is repeated 1000 times, each time determining the final values for the
CP asymmetries.

To obtain a final value of Acp(pK ™) and Acp(pr~), we will average the 12 measure-
ments in each year and magnet subsample using the prescription from Ref. [141], which
we summarise here: we define two 12 x 12 covariance matrices, one containing only the
statistical uncertainties of the 12 measurements, which are completely uncorrelated to all
other uncertainties and to each other, and one containing only the systematic uncertainties,
including their correlations estimated from the distribution of the 1000 bootstrapped CP
asymmetries:

2
(Usltgt) T 0
Vitat = : : ) (3.56)
2
0 - (088&)
2
(U sly[it) "t P1UsDO slylitff sSstt
Vayst = : : : (3.57)
2
P1USDO slygtU SSstt e (Jslfs? )

where we used the notation oYM, with Y € {1,2,5,6,7,8} and M € {U,D} to indicate
the Agp uncertainty of the 201Y magnet M subsample, and similarly pynyaw to indicate
the correlation coefficient between the CP asymmetry measured in the two YM and Y'M’
subsamples. The correlation matrices of the 12 measurements are shown in Fig. for
Acp (pK_) and Acp (pﬂ'_).

With the statistical and systematic matrices, we define the total covariance matrix
V' = Vitat + Vayst, which we can use to find the optimal averages of all the 12 measurements

of Acp(pK~) and Acp(pr™) as

oo (Tren) (Trens) e

with uncertainty given by

o” (Acp) = <Z ; (vl)i]) ) . (3.59)

To obtain separate values of Acp for Run 1 and Run 2, the procedure is applied only on
the corresponding subset of the 12 measurements.

3.15 Results

In this section we present the results of the averaging procedure described in Section [3.14]
The results of the 1000 pseudoexperiments are shown in Fig. for all 12 subsamples,
while the Run 1 and 2 values of all the experimental asymmetries contributing to Acp are
reported in Tables and The results for the Run 1 sample are:

Acp(pK™) = (0.09 + 1.53 + 0.72)%,
Acp(pr™) = (—0.52 + 1.89 =+ 0.56)%,
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Figure 3.49: Correlation matrices of (top) Acp(pm~) and (bottom) Acp(pK~) measured in each
Run 142 year and magnet polarity. Only systematic uncertainties are considered, i.e. these
correspond to the matrices defined in Eq. (3.57)), excluding the magnitudes of the systematic
errors.
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Table 3.23: Numerical results of all the experimental asymmetries contributing to Acp for Run 1.
The numbers are just for illustration purposes, as the values of Acp shown on the bottom are
not the sums of these corrections, but come from the combination of the measurements in the 4
Run 1 subsamples, according to Egs. (3.58) and (3.59).

A)— pK~ A)— pr—
Araw  (+0.86 £1.53)%  (+0.90 & 1.89)%
Appp  (—0.404+0.56)% (—0.36 4 0.59)%
Aros (—=1.14£0.19% (—1.1240.20)%
Amis  (+0.46 £0.35)%  (+0.66 £ 0.36)%
Apg (40.01£0.35)%  (+0.02 & 0.35)%
Ap(p) (+1.45+0.08)% (+1.44 4 0.08)%
Ap(K~) (—0.69 4 0.12)% -
Ap (™) - (+0.10 £0.11)%

Ap(AY) (118 +021)%  (1.124+0.21)%
Acp  (0.09£1.69%  (—0.52+1.97)%

with a correlation of 3%, where the first uncertainty is statistical and the second is
systematic. They are compatible with the previous results [13|, that are respectively
(—2.0+£1.3+1.9)% and (—3.5£1.7£2.0)%. It can be seen how the systematic uncertainty
have been reduced by a factor 2 thanks to the improvements in the analysis, which means
that these numbers supersede the previous ones.

The results for the Run 2 sample are:

Acp(pK ™) = (—1.45 + 0.75 & 0.43)%,
Acp(pr™) = (0.34 £+ 0.95 £ 0.43)%,

with a correlation of 15%. The combination with the Run 1 values yield:

Acp(pEK ™) = (—1.12 4 0.67 + 0.36)%,
Acp(pr™) = (0.15 4 0.85 + 0.36)%,

with a total correlation of 10%. These results are the most precise measurements of the
CP asymmetries in A) — pK~ and A) — pr~ decays from a single experiment, and they
are compatible with the CP symmetry conservation hypothesis within 1.5¢ and 0.20,
respectively.

122



3.15. Results

LA R |
—
an
Q
on

Acp(A) = pK )

o
o

\O

3

——

| (I

——

-0.1} n
-02+ A Magnet Up -
i Y Magnet Down ]
| —— Runl =(0.092 +1.692)% |
I —— Run2 =(-1.447+0.862)% .
-03 1 —— Runl+2=(-1.123+0.763)% N

| | | | | |
2011 2012 2015 2016 2017 2018
Year

0.3 T T T T T T

LHCb A Magnet Up

9fb! Y Magnet Down
—— Runl =(-0.517+£1.970)%
—— Run2 = (0.339+ 1.041)%
—— Runl+2 = (0.153£0.921)%

—<—.

0.0 -_Aﬁ ++ ++ ++_

|
e
—_
LN B B B B B

| | | | | |
2011 2012 2015 2016 2017 2018
Year

Figure 3.50: Values of Acp(pK ™) (top) and Acp(pr~) (bottom), divided by year and magnet
polarity, including statistical and systematic uncertainties. The average values for Run 1, Run 2,
and their combination, computed according to Egs. (3.58) and (3.59), are also shown.
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Table 3.24: Numerical results of all the experimental asymmetries contributing to Acp for Run 2.
The numbers are just for illustration purposes, as the values of Acp shown on the bottom are
not the sums of these corrections, but come from the combination of the measurements in the 8

Run 2 subsamples, according to Egs. (3.58) and (3.59)).

A)— pK~ A)— pr™ A)— Afm
Aw  (—0.86£0.75)%  (+0.14 £ 0.95)%  (—0.20 = 0.29)%
Apmp  (+0.03 £0.12)%  (—0.20 £ 0.30)%  (+0.09 = 0.12)%
Aros (—1.29£0.08)% (—1.16=+0.09% (—0.85 = 0.05)%
Apis (—0.05£0.05)% (—0.17£0.13)% (—0.10 £ 0.09)%
A (40.01£0.16)%  (+0.00 +0.16)%  (+0.01 = 0.16)%
Ap(p) (+1.31£0.04)% (+1.43+0.06)% (+1.58 + 0.05)%
Ap(K~) (—0.68 % 0.05)% - (—0.84 %+ 0.07)%
Ap() ; (+0.02£0.07)% (+0.05 £ 0.04)%
Ap () - - (—0.13 + 0.02)%
Acp (—145+0.86)%  (0.34 £ 1.04)% -
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Conclusions

In this thesis, a measurement of the CP asymmetries of A — pK~ and A)— pr~ decays
using the full Run 1+2 dataset collected by the LHCb experiment has been presented.
The data sample corresponds to an integrated luminosity of 9fb™" of pp collisions at
centre-of-mass energies of 7, 8 and 13 TeV. The Run 1 analysis |13] was repeated to profit
from the developments in the estimation of the A) production asymmetry [112] and from
the use of a novel technique to compute the trigger-induced asymmetries.

After a multivariate selection aimed at finding the optimal selection requirements to
minimise the uncertainties on the Acp observables, the signal yields have been computed
from maximum-likelihood fits to the invariant-mass spectra of the eight Hy — h™h/~
decays. A simultaneous invariant-mass fit allows the yields of mis-identified decays in the
target spectrum signal window to be determined. Asymmetries due to PID requirements
have been estimated with calibration samples, building 2-dimensional mis-ID efficiency
maps in the (p,n) plane that have been integrated over the signal kinematic distributions.
The effect of the trigger selection on the raw asymmetries has been evaluated from control
samples of BT — JWK*, A) - (AF — pK n")urX, and B® = (D* —» KT )uvX
decays, used respectively to compute the impact on the asymmetry of the specific trigger
algorithms used to collect the data. Detection asymmetries for final-state particles have
been either computed directly (for kaons) or taken from already available measurements
done by the collaboration (for pions and protons).

The production asymmetry of the A baryon was measured in Run 1 but not in Run 2,
therefore for the latter sample we used a control sample of A} — (AT — pK~7")7~ decays
to remove it by subtracting the raw asymmetries between the signal and control sample,
and computing the other instrumental asymmetries also on the latter. This has introduced
correlations between the various terms, since the efficiencies needed to compute every
correction were used identically both on the signal and control sample; such correlations
have been taken into account when computing the average of the measurements of Acp in
all the year and magnet polarity subsamples.

The results of the analysis on the Run 1 sample are:

Acp(pK™) = (0.09 £ 1.53 + 0.72)%,
Acp(pn™) = (—0.52 £ 1.89 + 0.56)%,

where the first uncertainty is statistical and the second is systematic, and treir mutual
correlation is 3%. They are compatible with the previous results |13] while having the
systematic uncertainties reduced by a factor 2, thus superseding them. The results on the
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Run 2 sample are:

Acp(pK ™) = (—1.45 + 0.75 & 0.43)%,
Acp(pr™) = (0.34 £ 0.95 £ 0.43)%,

with a correlation of 15%. Upon combination with the Run 1 results they yield the final
values:

Acp(pK ™) = (—1.12 + 0.67 & 0.36)%,
Acp(pr™) = (0.15 4 0.85 =+ 0.36)%.

with a total correlation of 10%. These are the most precise measurements of the CP

asymmetries in A) — pK~ and A) — pr~ decays from a single experiment. They are
compatible with 0 within 1.50 and 0.20, respectively, indicating CP symmetry conservation.
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Fits for the K~ asymmetry
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Figure 51: Fits to the invariant-mass distributions of (left of the pair) K~ 7*7t and (right of the
pair) KT7~ 7~ decays in the year 2011 and magnet polarity up sample. The samples are divided
in bins of kaon momentum, from lowest to highest from the top to the bottom and from left to
right.
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Figure 53: Fits to the invariant-mass distributions of (left of the pair) K~n"7+ and (right of the
pair) KT7~ 7~ decays in the year 2012 and magnet polarity up sample. The samples are divided
in bins of kaon momentum, from lowest to highest from the top to the bottom and from left to
right.
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Figure 54: Fits to the invariant-mass distributions of (left of the pair) K~ "7 and (right of
the pair) KT7~ 7~ decays in the year 2012 and magnet polarity down sample. The samples are
divided in bins of kaon momentum, from lowest to highest from the top to the bottom and from
left to right.
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Figure 55: Fits to the invariant-mass distributions of (left of the pair) K~ n"7+ and (right of the
pair) KT7~ 7~ decays in the year 2015 and magnet polarity up sample. The samples are divided
in bins of kaon momentum, from lowest to highest from the top to the bottom and from left to

right.
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Figure 56: Fits to the invariant-mass distributions of (left of the pair) K~n"#x" and (right of
the pair) KT7~ 7~ decays in the year 2015 and magnet polarity down sample. The samples are
divided in bins of kaon momentum, from lowest to highest from the top to the bottom and from
left to right.
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Figure 57: Fits to the invariant-mass distributions of (left of the pair) K~ n"7% and (right of the
pair) KT7~ 7~ decays in the year 2016 and magnet polarity up sample. The samples are divided
in bins of kaon momentum, from lowest to highest from the top to the bottom and from left to

right.
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Figure 58: Fits to the invariant-mass distributions of (left of the pair) K~ "7 and (right of
the pair) KT7~ 7~ decays in the year 2016 and magnet polarity down sample. The samples are
divided in bins of kaon momentum, from lowest to highest from the top to the bottom and from
left to right.
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Figure 59: Fits to the invariant-mass distributions of (left of the pair) K~ n"7% and (right of the
pair) KT7~ 7~ decays in the year 2017 and magnet polarity up sample. The samples are divided
in bins of kaon momentum, from lowest to highest from the top to the bottom and from left to

right.
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Figure 66: Fits to the invariant-mass distributions of (left of the pair) K37 and (right of the

pair) Kigﬂ* decays in the year 2012 and magnet polarity down sample. The samples are divided
in bins of kaon momentum, from lowest to highest from the top to the bottom and from left to

right.
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Figure 67: Fits to the invariant-mass distributions of (left of the pair) K37 and (right of the

pair) Kigw* decays in the year 2015 and magnet polarity up sample. The samples are divided in
bins of kaon momentum, from lowest to highest from the top to the bottom and from left to
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Figure 68: Fits to the invariant-mass distributions of (left of the pair) K37 and (right of the
pair) Kgﬂ* decays in the year 2015 and magnet polarity down sample. The samples are divided
in bins of kaon momentum, from lowest to highest from the top to the bottom and from left to

right.
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Figure 69: Fits to the invariant-mass distributions of (left of the pair) K37 and (right of the

pair) Kigw* decays in the year 2016 and magnet polarity up sample. The samples are divided in
bins of kaon momentum, from lowest to highest from the top to the bottom and from left to
right.
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Figure 70: Fits to the invariant-mass distributions of (left of the pair) K37 " and (right of the

pair) Kigﬂ* decays in the year 2016 and magnet polarity down sample. The samples are divided
in bins of kaon momentum, from lowest to highest from the top to the bottom and from left to

right.
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Figure 71: Fits to the invariant-mass distributions of (left of the pair) K37 and (right of the

pair) Kigw* decays in the year 2017 and magnet polarity up sample. The samples are divided in
bins of kaon momentum, from lowest to highest from the top to the bottom and from left to
right.
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Figure 72: Fits to the invariant-mass distributions of (left of the pair) K37 and (right of the

pair) Kigﬂ* decays in the year 2017 and magnet polarity down sample. The samples are divided
in bins of kaon momentum, from lowest to highest from the top to the bottom and from left to

right.
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Figure 73: Fits to the invariant-mass distributions of (left of the pair) K37 T and (right of the

pair) Kigw* decays in the year 2018 and magnet polarity up sample. The samples are divided in
bins of kaon momentum, from lowest to highest from the top to the bottom and from left to
right.
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Figure 74: Fits to the invariant-mass distributions of (left of the pair) K37 and (right of the
pair) Kgﬂ* decays in the year 2018 and magnet polarity down sample. The samples are divided

in bins of kaon momentum, from lowest to highest from the top to the bottom and from left to
right.
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Figure A.1: Fits to the invariant-mass distributions of (left) J/AyK™* and (right) J/y K~ decays
in the trigger category TIS & TOS, year 2011, and magnet polarity up. The samples are divided
in bins of B* transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.2: Fits to the invariant-mass distributions of (left) J// K™ and (right) J/ K~ decays in
the trigger category TIS & TO0S, year 2011, and magnet polarity down. The samples are divided
in bins of B* transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.3: Fits to the invariant-mass distributions of (left) JAyK™* and (right) J/y K~ decays
in the trigger category TIS & TOS, year 2012, and magnet polarity up. The samples are divided
in bins of B* transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.4: Fits to the invariant-mass distributions of (left) J/y K™ and (right) J/b K~ decays in
the trigger category TIS & TO0S, year 2012, and magnet polarity down. The samples are divided
in bins of B* transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.5: Fits to the invariant-mass distributions of (left) J/AyK™* and (right) J/y K~ decays
in the trigger category TIS & TOS, year 2015, and magnet polarity up. The samples are divided
in bins of B* transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.6: Fits to the invariant-mass distributions of (left) J/Ay K™ and (right) J/b K~ decays in
the trigger category TIS & TOS, year 2015, and magnet polarity down. The samples are divided
in bins of B* transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.7: Fits to the invariant-mass distributions of (left) J/AyK™* and (right) J/y K~ decays
in the trigger category TIS & TOS, year 2016, and magnet polarity up. The samples are divided
in bins of B* transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.8: Fits to the invariant-mass distributions of (left) J/ K™ and (right) J/b K~ decays in
the trigger category TIS & TOS, year 2016, and magnet polarity down. The samples are divided
in bins of B* transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.9: Fits to the invariant-mass distributions of (left) J/AyK™* and (right) J/y K~ decays
in the trigger category TIS & TOS, year 2017, and magnet polarity up. The samples are divided
in bins of B* transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.10: Fits to the invariant-mass distributions of (left) J/) K™ and (right) J/) K~ decays
in the trigger category TIS & TOS, year 2017, and magnet polarity down. The samples are divided
in bins of B* transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.12: Fits to the invariant-mass distributions of (left) J/) K™ and (right) J/) K~ decays
in the trigger category TIS & TOS, year 2018, and magnet polarity down. The samples are divided
in bins of B* transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.13: Fits to the invariant-mass distributions of (left) J/y K™ and (right) J/ K~ decays
in the trigger category !TIS & TOS, year 2011, and magnet polarity up. The samples are divided
in bins of B* transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.14: Fits to the invariant-mass distributions of (left) J/) K™ and (right) J/) K~ decays
in the trigger category !TIS & TOS, year 2011, and magnet polarity down. The samples are
divided in bins of B transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.15: Fits to the invariant-mass distributions of (left) J/) K™ and (right) J/) K~ decays
in the trigger category !TIS & TOS, year 2012, and magnet polarity up. The samples are divided
in bins of B* transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.16: Fits to the invariant-mass distributions of (left) J/) K™ and (right) J/) K~ decays
in the trigger category !TIS & TOS, year 2012, and magnet polarity down. The samples are
divided in bins of B transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.17: Fits to the invariant-mass distributions of (left) J/) K™ and (right) J/) K~ decays
in the trigger category !TIS & TOS, year 2015, and magnet polarity up. The samples are divided
in bins of B* transverse momentum, from lowest to highest from the top to the bottom.

168



E

% 12 T T ] % 12 T ) ]
3 0<p,<3, ITIS & TOS, 2015 Down J s F 0<p,<3, ! TIS& TOS, 2015 Down
g - baa 3 2 . Daa 3
H Signa E 2 E Signa E
= —— Comb. bikg E = .k —— Comb. bikg E
% 08 Fit - % 08~ — Fit =
@ osf- = @ osf g
= g o4f= g
N o = 0.2 [nkn, 3 -

N 5 TP P "
E ok L A 1
| S Sy S U S P S |

g o

s TF A YL L T T

MY K") [Mev/e?]

. g
o) - v M 3
N 3<p,<5, ITIS & TOS, 2015 Down s 3<p,<5,1TIS & TOS, 2015 Down J
g . 2 12p - Daa =
~ Signdl ~ F signal E
= —— Comb.bkg = 1 —— Comb.bg. =
3 — it s E — it E
B 5 osf- b=
i o F 3
06 =
04 E
02 -
N oE L A A
5| Ea E
g o c o
5 B 5 -3
g o o 0 T
m(Iy K') [Mev/c?] m(Iy K°) [Mev/c?]
-~ T T T ~ T T
L ] KO o -
N 5<p,<7,ITIS& TOS, 2015 Down = : F 5<p,<7, ITIS& TOS, 2015 Down
3 ] E ]
g -" Daa ] 2 r -' Daa ]
S Sgnal B ~ o8 Sgnal 4
g —— Comb. bkg. = =~ [ —— Comb. bkg. 1
@ — Rt E s F ]
& = 5 osf- -
i E a [ ]
3 oaf- 3
i oz~ i

Pulls

Mm@y K*) [Mev/e?]

Rt . . o
2! 7<p,<11, 1TIS & TOS, 2015 Dx 2
3 pL T , 2015 Down 3

= . =

2 o8 ~ o]

5 06 & o8|

& &

z
5400

mIy K°) Mev/c]
S E T T ™ S wf T T ™
N 11p, <30, 1TIS& TOS, 2015 Dowr] s F 11p,<30, TIS& TOS, 2015 Dowr]
3 T 3 F E
g - paa E 2 - paa ]
S Sl E 2w E
= —— Comb. bkg. = - E E
3 J— E 3 F E
] E R E
[ E o F ]
3 200f- 3
100~ 3
. 3
2 2 5 E

4 g o
5 =]

£
Mm@y K*) [Mev/e?] My K) [Mev/ed]

Figure A.18: Fits to the invariant-mass distributions of (left) J/) K™ and (right) J/) K~ decays
in the trigger category !TIS & TOS, year 2015, and magnet polarity down. The samples are
divided in bins of B transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.19: Fits to the invariant-mass distributions of (left) J/) K™ and (right) J/) K~ decays
in the trigger category !TIS & TOS, year 2016, and magnet polarity up. The samples are divided
in bins of B* transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.20: Fits to the invariant-mass distributions of (left) J/) K™ and (right) J/) K~ decays
in the trigger category !TIS & TOS, year 2016, and magnet polarity down. The samples are
divided in bins of B transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.21: Fits to the invariant-mass distributions of (left) J/) K™ and (right) J/) K~ decays
in the trigger category !TIS & TOS, year 2017, and magnet polarity up. The samples are divided
in bins of B* transverse momentum, from lowest to highest from the top to the bottom.

172



3 F T T ™ 2 T T T
s 0<p,<3,1TIS& TOS, 2017 Down N 0<p,<3,1TIS & TOS, 2017 Down,
3 of . Daa = 3 °F -" Daa E
= =
3 Signd S Signal
] —— Comb. bkg, = = 3 —— Comb. bkg. =
2 Fit 2 —Fit
S E E 2
i i
3 E
2F 2
1 E
N L . L
1 PSS Zz
g o I
5 E
50 0 o
My K*) [Mev/c?] my K°) [Mev/c?]
= < T T = e T
b i
s 7F 3<p,<5, ITIS & TOS, 2017 Down = : E p,<5, ITIS & TOS, 2017 Down
= . = - Daa
3 o Sgnal E ~ 6 Signal E
= —— Comb.bkg = —— Comb.bg.
% 5 % sE- =
[ o 4f E
s 2
2F 2
E 2
N L N L
5
0
5

z 0o e A R e AR S L
o 0 T
m(Iy K') [Mev/c?] m(Iy K°) [Mev/c?]
-~ T T ~ P T T
L E s F E
N 5<p,<7,ITIS& TOS, 2017 Down J 3 oF 5<p,<7,1TIS& TOS, 2017 Down J
] -" Daa SE Daa -
= = F E
S Sgnal = E Sgnal E
= —— Comb.bkg = 4 —— Comb. bkg E
g — Rt zE —Fit E
2 s E
i 4 3F ]
2 E
1S E
oE >y
Z 2 5
I g o
s E
%0 0 %0
m(Iy K*) [Mev/e?] m(Iy K°) [Mev/c?]
~ P T T ~ P T T
b E v F E
3 s 74p,<11, ITIS & TOS, 2017 Down 3 sk 7<p,<11, ITIS & TOS, 2017 Down.]
2 - Dpaa E 2 - Daa E
B Sgnal E = F E
= 4 —— Comb.big = 4 e
] — it 2 F E
5 5 . E
& 3 g F 3
2 2 =
1 1 e
a
2 OSE oo, E|
g o
5 ---3
300 TI00
m(Iy K°) [Mev/c?]
10 10°
~ 3 T T =~ B T T —
L E t E E
N 11<p <30, 1TIS & TOS, 2017 Dowry s F 11<p <30, 1TIS & TOS, 2017 Dowr]
3 3 ,.F E
2 - paa 2 asp . Daa
N Sgnal =~ Signd
= —— Comb.bkg = —— Comb.bkg
3 — i ) —Fit
b z
i 4 15

w 2 2 w 2 3
2 5 E 2 5 E
g o £ o
5 5 -
£
Mm@y K*) [Mev/e?] My K) [Mev/ed]

Figure A.22: Fits to the invariant-mass distributions of (left) J/) K™ and (right) J/) K~ decays
in the trigger category !TIS & TOS, year 2017, and magnet polarity down. The samples are
divided in bins of B transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.23: Fits to the invariant-mass distributions of (left) J/) K™ and (right) J/) K~ decays
in the trigger category !TIS & TOS, year 2018, and magnet polarity up. The samples are divided
in bins of B* transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.24: Fits to the invariant-mass distributions of (left) J/) K™ and (right) J/) K~ decays
in the trigger category !TIS & TOS, year 2018, and magnet polarity down. The samples are
divided in bins of B transverse momentum, from lowest to highest from the top to the bottom.
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Figure B.1: LO_Hadron efficiency as a function of Et for (top row) protons, (middle row) kaons,
and (bottom row) pions hitting the (left) inner and (right) outer region of HCAL. These are the
plots for the 2011 magnet Up sample.
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Figure B.2: LO_Hadron efficiency as a function of Et for (top row) protons, (middle row) kaons,
and (bottom row) pions hitting the (left) inner and (right) outer region of HCAL. These are the
plots for the 2011 magnet Down sample.
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Figure B.3: LO_Hadron efficiency as a function of Et for (top row) protons, (middle row) kaons,
and (bottom row) pions hitting the (left) inner and (right) outer region of HCAL. These are the

plots for the 2012 magnet Up sample.
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Figure B.4: LO_Hadron efficiency as a function of Et for (top row) protons, (middle row) kaons,
and (bottom row) pions hitting the (left) inner and (right) outer region of HCAL. These are the
plots for the 2012 magnet Down sample.
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Figure B.5: LO_Hadron efficiency as a function of Et for (top row) protons, (middle row) kaons,
and (bottom row) pions hitting the (left) inner and (right) outer region of HCAL. These are the

plots for the 2015 magnet Up sample.
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Figure B.6: LO_Hadron efficiency as a function of Et for (top row) protons, (middle row) kaons,
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plots for the 2015 magnet Down sample.
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Figure B.7: LO_Hadron efficiency as a function of Er for (top row) protons, (middle row) kaons,
and (bottom row) pions hitting the (left) inner and (right) outer region of HCAL. These are the

plots for the 2016 magnet Up sample.
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Figure B.8: LO_Hadron efficiency as a function of Et for (top row) protons, (middle row) kaons,
and (bottom row) pions hitting the (left) inner and (right) outer region of HCAL. These are the

plots for the 2016 magnet Down sample.
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Figure B.9: LO_Hadron efficiency as a function of Er for (top row) protons, (middle row) kaons,
and (bottom row) pions hitting the (left) inner and (right) outer region of HCAL. These are the

plots for the 2017 magnet Up sample.
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Figure B.10: LO_Hadron efficiency as a function of Et for (top row) protons, (middle row) kaons,
and (bottom row) pions hitting the (left) inner and (right) outer region of HCAL. These are the

plots for the 2017 magnet Down sample.
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Figure B.11: LO_Hadron efficiency as a function of Er for (top row) protons, (middle row) kaons,
and (bottom row) pions hitting the (left) inner and (right) outer region of HCAL. These are the
plots for the 2018 magnet Up sample.
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plots for the 2018 magnet Down sample.
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Appendix C. HLT1 pr — log(x%) efficiencies
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Figure C.1: H1t1_TrackMVA efficiency as a function of pt and log (X%P) for (top row) protons,
(middle row) kaons, and (bottom row) pions of (left) positive and (right) negative charge. These
are the plots for the 2011 magnet Up sample.
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Figure C.2: H1t1_TrackMVA efficiency as a function of pt and log (X%P) for (top row) protons,
(middle row) kaons, and (bottom row) pions of (left) positive and (right) negative charge. These
are the plots for the 2011 magnet Down sample.
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Figure C.3: H1t1_TrackMVA efficiency as a function of pt and log (X%P) for (top row) protons,
(middle row) kaons, and (bottom row) pions of (left) positive and (right) negative charge. These
are the plots for the 2012 magnet Up sample.
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Figure C.4: H1t1_TrackMVA efficiency as a function of pt and log (X%P) for (top row) protons,
(middle row) kaons, and (bottom row) pions of (left) positive and (right) negative charge. These
are the plots for the 2012 magnet Down sample.
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Figure C.5: H1t1_TrackMVA efficiency as a function of pr and log(XIQP) for (top row) protons,
(middle row) kaons, and (bottom row) pions of (left) positive and (right) negative charge. These
are the plots for the 2015 magnet Up sample.
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Figure C.6: H1t1_TrackMVA efficiency as a function of pp and log (XIZP) for (top row) protons,
(middle row) kaons, and (bottom row) pions of (left) positive and (right) negative charge. These
are the plots for the 2015 magnet Down sample.
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Figure C.7: H1t1_TrackMVA efficiency as a function of pr and log(XIQP) for (top row) protons,
(middle row) kaons, and (bottom row) pions of (left) positive and (right) negative charge. These
are the plots for the 2016 magnet Up sample.
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Figure C.8: H1t1_TrackMVA efficiency as a function of pr and log(XIQP) for (top row) protons,
(middle row) kaons, and (bottom row) pions of (left) positive and (right) negative charge. These
are the plots for the 2016 magnet Down sample.
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Figure C.9: H1t1_TrackMVA efficiency as a function of pr and log(XIQP) for (top row) protons,
(middle row) kaons, and (bottom row) pions of (left) positive and (right) negative charge. These
are the plots for the 2017 magnet Up sample.
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Figure C.10: H1t1_TrackMVA efficiency as a function of pr and log (X%P) for (top row) protons,
(middle row) kaons, and (bottom row) pions of (left) positive and (right) negative charge. These
are the plots for the 2017 magnet Down sample.
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Figure C.11: H1t1_TrackMVA efficiency as a function of pr and log (X%P) for (top row) protons,
(middle row) kaons, and (bottom row) pions of (left) positive and (right) negative charge. These
are the plots for the 2018 magnet Up sample.
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Figure C.12: H1t1_TrackMVA efficiency as a function of pr and log (X%P) for (top row) protons,
(middle row) kaons, and (bottom row) pions of (left) positive and (right) negative charge. These
are the plots for the 2018 magnet Down sample.
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Appendix D. A)— Afr~ fits
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Figure D.1: Fits to the invariant-mass distributions of (left) A — AT7~ and (right) A) — A7 "
decays for the years from 2015 to 2018 magnet Up from top to bottom; the plots are in linear
scale.
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Appendix D. A)— Afr~ fits
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Figure D.3: Fits to the invariant-mass distributions of (left) A — Af7~ and (right) A)— A_ 7"
decays for the years from 2015 to 2018 magnet Up from top to bottom; the plots are in logarithmic
scale.
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Appendix E. Acp scatter plots
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Figure E.1: Scatter plots of the 1000 values of Acp(pK ™) obtained from the pseudoexperiments
in the 2011 magnet Up sample and the other subsamples. The correlation coefficient is shown in
the upper right corner of each plot.

212



0.07
0.03 p=025 . p=-003
-0.08
0.06
0.02
-0.10
0.05 .
001 -0.12
.
s 000 § 004 s -014
2 * < 2 0.16
-0.01 . 0.03 -0
A -0.18 ° °
-0.02 .
0029 o
-0.20
-0.03
0.01 -0.22
—0.04
-0.06 -0.05 -0.04 -0.03 -0.02 -0.01 000 001 0.02 -0.06 -0.05 -0.04 —-0.03 -0.02 -0.01 000 001 002 -0.06 -0.05 -0.04 -0.03 -0.02 -0.01 000 001 0.02
A AGo AR
014
. p=-0.01 0.05
0.12 0.04 0.00
. .
0.10
0.03 001
0.08 0.02
N . . 002
Ra .« ) g,
s £ 8
< 0.06 © ool ®
-0.03
004 * . . 0.00
-0.01 —0.04
0.02 .
-0.02 -0.05 .
0.00 .
-0.06 -0.05 -0.04 —-0.03 —0.02 -0.01 000 001 0.02 -0.06 -0.05 -0.04 -0.03 -0.02 -0.01 000 001 0.02 -0.06 -0.05 -0.04 —-0.03 -0.02 -0.01 0.00 001 0.2
A G AL
0.04
R . p=-001 . p=-003
0.04 0.04 0.03
. .
0.03 0.03 0.02
. .
- 0.02 0.01 .
0.02
s 3 . 3
E{(& %(;5 0.01 25 0.00
0.01 . < .
.
0.00 -0.01
0.00 .
-0.01 -
0.02 . . ..
-0.01 .
-0.02 -0.03
-0.02
-0.06 -0.05 -0.04 -0.03 -0.02 -0.01 000 001 002 -0.06 -0.05 -0.04 -0.03 -0.02 -0.01 000 001 0.02 -0.06 -0.05 -0.04 —-0.03 -0.02 -0.01 000 001 002
A AL A
0.06
p =001
0.05
.
0.04
0.03 ° °
N .
3 .
£
< .
0.02
0.01 .
0.00 .
-0.01

—0.06 -0.05 -0.04 -0.03 -0.02 -0.01 0.0 001 0.02
P

Figure E.2: Scatter plots of the 1000 values of Acp(pK ™) obtained from the pseudoexperiments
in the 2011 magnet Down sample and the other subsamples. The correlation coefficient is shown
in the upper right corner of each plot.
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Figure E.3: Scatter plots of the 1000 values of Acp(pK ™) obtained from the pseudoexperiments
in the 2012 magnet Up sample and the other subsamples. The correlation coefficient is shown in
the upper right corner of each plot.
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Figure E.4: Scatter plots of the 1000 values of Acp(pK ™) obtained from the pseudoexperiments
in the 2012 magnet Down sample and the other subsamples. The correlation coefficient is shown
in the upper right corner of each plot.
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Appendix E. Acp scatter plots
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Figure E.5: Scatter plots of the 1000 values of Acp(pK ™) obtained from the pseudoexperiments
in the 2015 magnet Up sample and the other subsamples. The correlation coefficient is shown in
the upper right corner of each plot.
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Appendix E. Acp scatter plots
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Figure E.9: Scatter plots of the 1000 values of Acp(pK ™) obtained from the pseudoexperiments
in the 2017 magnet Up sample and the other subsamples. The correlation coefficient is shown in
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Figure E.10: Scatter plots of the 1000 values of Acp(pK ) obtained from the pseudoexperiments
in the 2017 magnet Down sample and 2018 magnet Up and the other subsamples. The correlation
coefficient is shown in the upper right corner of each plot.
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Figure E.11: Scatter plots of the 1000 values of Acp(pm™) obtained from the pseudoexperiments
in the 2011 magnet Up sample and the other subsamples. The correlation coefficient is shown in
the upper right corner of each plot.
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Appendix E. Acp scatter plots
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Figure E.12: Scatter plots of the 1000 values of Acp(pm™) obtained from the pseudoexperiments
in the 2011 magnet Down sample and the other subsamples. The correlation coefficient is shown
in the upper right corner of each plot.
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Figure E.13: Scatter plots of the 1000 values of Acp(pm~) obtained from the pseudoexperiments
in the 2012 magnet Up sample and the other subsamples. The correlation coefficient is shown in
the upper right corner of each plot.
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Appendix E. Acp scatter plots
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Figure E.14: Scatter plots of the 1000 values of Acp(pm™) obtained from the pseudoexperiments
in the 2012 magnet Down sample and the other subsamples. The correlation coefficient is shown
in the upper right corner of each plot.
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Figure E.15: Scatter plots of the 1000 values of Acp(pm~) obtained from the pseudoexperiments
in the 2015 magnet Up sample and the other subsamples. The correlation coefficient is shown in
the upper right corner of each plot.
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Figure E.16: Scatter plots of the 1000 values of Acp(pm™) obtained from the pseudoexperiments
in the 2015 magnet Down sample and the other subsamples. The correlation coefficient is shown
in the upper right corner of each plot.
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Appendix E. Acp scatter plots
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Figure E.17: Scatter plots of the 1000 values of Acp(pm~) obtained from the pseudoexperiments
in the 2016 magnet Up sample and the other subsamples. The correlation coefficient is shown in
the upper right corner of each plot.
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Figure E.18: Scatter plots of the 1000 values of Acp(pm~—) obtained from the pseudoexperiments
in the 2016 magnet Down sample and the other subsamples. The correlation coefficient is shown
in the upper right corner of each plot.
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Figure E.19: Scatter plots of the 1000 values of Acp(pm~) obtained from the pseudoexperiments
in the 2017 magnet Up sample and the other subsamples. The correlation coefficient is shown in
the upper right corner of each plot.
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Figure E.20: Scatter plots of the 1000 values of Acp(pm~) obtained from the pseudoexperiments
in the 2017 magnet Down sample and 2018 magnet Up and the other subsamples. The correlation
coefficient is shown in the upper right corner of each plot.
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