technische universitat SMART
dortmuna

Real-time analysis for studies of
charge parity and lepton flavour
violation in b-meson decays at LHCDb

James Andrew Gooding

geboren in Leicester, Vereinigtes Konigreich

Dissertation zur Erlangung des akademischen Grades
Dr. rer. nat.

Fakultat Physik
Technische Universitat Dortmund

Dortmund, March 2026



Der Fakultat Physik der Technischen Universitdt Dortmund zur Erlangung des akademis-
chen Grades eines Doktors der Naturwissenschaften vorgelegte Dissertation.

Gutachter:
Prof. Dr. Johannes Albrecht
Prof. Dr. Kevin Kréninger

Vorsitzender der Priifungskommission:
Prof. Dr. Zhe Wang

Vertreter der wissenschaftlichen Mitarbeiter:
JProf. Dr. Benedikt Fauseweh

Datum der Einreichung der Dissertation: 5. September 2025

Datum der miindlichen Priifung: 10. November 2025

This work is part of SMARTHEP, which received funding from the European Union’s
Horizon 2020 research and innovation programme under Grant Agreement n. 956086.



Abstract

Trigger systems of high energy physics experiments are crucial to the processing of the
immense quantities of data produced from particle collisions. The LHCb experiment
underwent a major upgrade between Runs 2 and 3 of the LHC, in which the trig-
ger system was redeveloped from a hardware-and software-based model to an entirely
software-based model. This thesis presents measurements with proton-proton collision
data recorded by the LHCDb experiment for both of these models, and the commissioning
of the software-based trigger.

The first ever measurement of the time-integrated untagged CP asymmetry in the decay
of B - D;rt, (Ajntaggea)> 1s presented, performed with of 5.4 fb~! of data recorded
in 2016-18. The measured values in the D; — h™htn~ decay modes of the D, are
consistent with the Standard Model of particle physics, down to a precision of O (1073).
An ongoing measurement of the lepton flavour universality ratio in BT — J/ip (147) K+
decays, 1, using 4.5 fb~! of data recorded in 2024 is then presented. This measurement
validates the techniques used to evaluate efficiencies and data-simulation differences on
these newest datasets, ahead of analyses in the rare BT — K+/T¢~ decay modes. The
impact of removing the hardware trigger is discussed throughout the thesis; the realisa-

tion of the anticipated improvements in trigger efficiencies is demonstrated explicitly.

Kurzfassung

Die Triggersysteme von Hochenergiephysikexperimenten sind entscheidend fir die Ver-
arbeitung der immensen Datenmengen, die bei Teilchenkollisionen anfallen. Das LHCb-
Experiment wurde zwischen den Runs 2 und 3 des LHC eines umfassenden Upgrades un-
terzogen, bei dem das Triggersystem von einem hardware- und softwarebasierten Modell
zu einem vollstdndig softwarebasierten Modell weiterentwickelt wurde. In dieser Ar-
beit werden Messungen mit Daten aus Proton-Proton-Kollisionen vorgestellt, die vom
LHCb-Experiment fiir beide Modelle aufgezeichnet wurden, sowie die Inbetriebnahme
des softwarebasierten Triggers.

Die allererste Messung der zeitintegrierten ungetaggten CP-Asymmetrie im Zerfall von
BY — D;rt, (Afntagged)» wird vorgestellt, die mit 5.4 fb~! an Daten aus den Jahren
2016-18 durchgefiihrt wurde. Die gemessenen Werte in den Dy — h™ht 7~ -Zerfallsmoden
des D sind mit dem Standardmodell der Teilchenphysik konsistent, und mit einer
Genauigkeit von O(1073). Anschliefend wird eine laufende Messung des Leptonenflavour-
Universalitdtsverhaltnisses in BT — J/p (€10~) K*-Zerféllen, r;y,, unter Verwendung
von 4.5 ftb~! an Daten aus dem Jahr 2024 vorgestellt. Diese Messung validiert die Tech-
niken, die zur Bestimmung der Effizienz und der Unterschiede zwischen Daten und Sim-
ulationen bei diesen neuesten Datensitzen verwendet werden, bevor die Analysen der
seltenen BT — K¢ (~-Zerfille durchgefiihrt werden. Die Auswirkungen der Abschaf-
fung des Hardware-Triggers werden in der gesamten Arbeit erdrtert; die Realisierung
der erwarteten Verbesserungen der Trigger-Effizienz wird ausdriicklich nachgewiesen.
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Two roads diverged in a yellow wood,
And sorry I could not travel both
And be one traveler, long I stood

And looked down one as far as I could

To where it bent in the undergrowth;

Then took the other, as just as fair,
And having perhaps the better claim,
Because it was grassy and wanted wear;
Though as for that the passing there

Had worn them really about the same,

And both that morning equally lay

In leaves no step had trodden black.
Oh, I kept the first for another day!
Yet knowing how way leads on to way,
I doubted if I should ever come back.

I shall be telling this with a sigh
Somewhere ages and ages hence:

Two roads diverged in a wood, and I—
I took the one less traveled by,

And that has made all the difference.

“The Road Not Taken”, Robert Frost









1 Introduction

The Standard Model (SM) of particle physics is a relativistic quantum field theory, which
has thus far provided accurate and robust descriptions of the elementary particles of our
universe and their interactions. Whilst broadly successful, this theory, introduced in
Chapter 2, does not describe all known physical phenomena. For example, gravitational
interactions are not described in the SM, and its theory does not predict suitable can-
didates for dark matter, the presence of which is supported by extensive cosmological
evidence. It is on this basis that the focus of modern particle physics turns to the hunt
for new physics (NP), that is, physics beyond the SM.

In this field, the decays of mesons containing a heavy b-quark are of particular interest.
Their study can simultaneously probe the properties of the weak interaction of the SM
and seek for possible effects from NP. These decays often have clear experimental signa-
tures from which they can be detected and clean theoretical predictions which leverage
the large mass of the b-quark. In combination, these allow for powerful comparisons of
measured observables against their corresponding SM predictions.

The Large Hadron Collider beauty (LHCb) experiment at the Large Hadron Collider
(LHC), described in Chapter , was constructed with the purpose of studying such
properties and decays. To this end, the LHCb detector was designed around the effi-
cient reconstruction of trajectories of charged particles, their high-quality identification
and the precise determination of the positions of their corresponding vertices. This is
achieved through a unique detector geometry, lying entirely in the forward direction (in
contrast to the hermetic designs typical of general purpose detectors), a large dipole
magnet to deflect charged particles, and dedicated tracking and particle identification
subsystems. Additionally, the large luminosities achieved by the high energy proton-
proton (pp) collisions at the LHC provide the largest sample of b-hadron decays in the
world. These make LHCb an ideal observatory to seek NP in b-hadron decays.

Not every detected product of every pp collision will be of interest to the LHCb physics
programme; of the visible interactions occurring at 30 MHz, only a small fraction can be
feasibly recorded. To handle the vast quantity of information produced by the detector,
LHCb employs a trigger system to process and filter the data. In Run 2 of the LHC, this
was a hardware- and software-based system, described in Chapter |3; for Run 3 of the
LHC, the LHCb detector was upgraded and an entirely software-based trigger system
developed, described in Chapter [5

This thesis presents two measurements performed in LHCb pp collision data. The first,
described in Chapter 4l is a measurement of CP asymmetry in BY — Dy 7" decays
in data collected width 2016-18, i.e., with the hardware- and software-based trigger
system. The second, described in Chapter [6 is a measurement of lepton flavour uni-
versality (LFU) in Bt — J/ (¢147) Ktdecays with data collected in 2024, i.e., with
the upgraded trigger system. The upgrade of the LHCb detector and trigger, which
took place between the collection of these datasets is described at length in Chapter
Both the measurements and upgrades were carried out by groups of researchers from the
LHCD collaboration, with the author of this thesis having made significant contributions.
It is on these contributions which this thesis focuses.

In Chapter 4, the measurement of the time-integrated untagged CP asymmetry in
BY — D;nt decays, on which the author of this thesis is a proponent and contact



1 Introduction

author, is presented. This measurement was in the late stages of internal LHCb review
at the time of submission the thesis and is presented accordingly. This measurement has
since been submitted to Physical Review Letters, with the updated result briefly pre-
sented in Appendix Tensions between experimental measurements of the branching
fractions of B?S) — DE:)) “hT decays and their corresponding theoretical predictions have
emerged in recent years; contributions from NP effects are among the possible explana-
tions offered for these tensions, as discussed in Chapter [2l Such a contribution could
induce CP violation in the decays of the tree level B — D~ KT and B? — D; 7t decays;
the time-integrated untagged CP asymmetry of B — D ntdecays, <Afmtagged), is thus

measured in 2016-18 pp collision data. This is the first measurement of <Afmtagged>, pro-

¥
measurement is statistically limited, with the L0 hardware trigger cailsing the greatest
reduction in statistics; a significant improvement in the sensitivity of LHCb to CP vi-
olation from such a NP contribution could be expected from the removal of L0 in the
LHCb upgrade.

viding unique constraints on potential NP contributions to B?s) — D(( )) “hTdecays. The

The software-only trigger system is the focus of Chapter |5 which describes the upgrade
of the LHCDb detector and discusses the development and evaluation of selection algo-
rithms in the upgraded trigger. In this chapter, the processes of developing selection
algorithms in HLT2 are laid out, illustrated by the examples of the cut-based inclusive
detached dilepton trigger and the retuning of the topological b-hadron trigger. A data-
driven approach for evaluating trigger efficiencies is then presented; in particular, the
implementation of this approach in the TriggerCalib common software tool (which the
author of this thesis is the primary author of) is discussed. This approach is applied
to evaluate the efficiencies of inclusive HLT1 and HLT?2 selections in pp collision data
collected in 2024 and 2025, which are compared against the corresponding efficiencies in
Run 2 (incorporating the efficiency of the LO trigger).

Finally, Chapter [6] presents a measurement of the lepton flavour universality ratio of
Bt — Jp (€107) Kt decays, 7y, in 2024 pp collision data. This measurement is
ongoing and is reported per its status at the time of submission of the thesis. The
observable 7, is a precursor to the equivalent observable in the rare Bt — KTt~
modes, Ry, and provides an important validation to complex analyses in the LFU
sector. Furthermore, 7, can be incorporated directly, writing Rx as a double ratio
to significantly reduce the effect of systematic uncertainties. As rj,, is predicted to be
1 to a high precision, any observed deviations from 1 can be concluded to arise from
the analysis techniques applied to measure r;/,. This makes r,, an ideal observable in
which to understand the features of the 2024 dataset, i.e., those arising from the upgrade
of the detector and trigger, ahead of analyses of LFU ratios in rare decays.



2 Heavy flavour physics in the Standard
Model

The SM is a relativistic quantum field theory, providing the current best theoretical
understanding of elementary particles and the interactions between them . The
SM, which describes three of the four fundamental forces, emerged from the great break-
throughs in quantum mechanics in the early 20*" century and the later applications of
group theory to quantum mechanics in the 1950s. The phenomena predicted by the SM
have been consistently supported by experimental observations, with all of the particles
predicted by the SM having now been discovered. Nonetheless, several questions about
the nature of our universe and its contents remain unanswered by the SM, making its
precise predictions a prime target for deeper interrogation.

This chapter lays out the fundamentals of the SM, demonstrates the successes and short-
comings of the SM, and the subsequent need for NP. In particular, this chapter highlights
the decays of b-hadrons as a theoretically and experimentally favourable observatory for
searches for new physics, which run orthogonal to direct searches.

2.1 Fundamental particles of the SM

The SM can be described mathematically by its gauge (local symmetry) group, the
product of three constituent gauge groups,

SU®3)e x SU(2), x U(1)y . (2.1)
———
QCD Weak and EM

The first term is the SU(3), symmetry of the strong interaction or quantum chromo-
dynamics (QCD), discussed in Section The second and third terms describe the
SU(2), and U(1), symmetries of the electroweak (EW) theory, from which the weak
and electromagnetic (EM) interactions arise, discussed in Section [2.2.2]

Each interaction is mediated by gauge bosons, which couple to specific properties of
fundamental particles: the gluon, g, mediates the strong interaction and couples to
colour charge; the W and Z bosons mediate the weak interaction, coupling to the weak
isospin and hypercharge; the photon mediates the EM interaction, =y, couples to the
electric charge. As bosons, each gauge boson carries an integer spin; all four mediators
carry a spin of 1.

The matter of the universe is however not formed of these bosons, and instead is built
from fermions: elementary particles carrying a half-integer spin. Fermions are classed
as left- or right-handed based on whether their momenta and spin are in the opposite or
same direction, respectively. The fermions can be split based on whether they carry a
colour-charge: colour-charged fermions are quarks, colour-neutral fermions are leptons.
The quarks can be subdivided further into the up (u), charm (¢), and top (t) quarks
(grouped together as up-type quarks), each of which have an electric charge (in units
of the elementary charge, e) of +2/3, and the down (d), strange (s), and bottom (b)
quarks (grouped together as down-type quarks), which have an electric charge of —1/3.
The leptons can be similarly subdivided into the electrically charged leptons (with a
charge of —1): the electron (e), muon (u), and tau (7); and their electrically neutral



2 Heavy flavour physics in the Standard Model

counterparts, the neutrinos: the electron neutrino (v.), the muon neutrino (v,), and the
tau neutrino (v;). The charged leptons and their corresponding neutrinos each share a
conserved quantum number, the electron, muon and tau numbers, to which each ¢~ /vy
contributes +1 and each ¢* /7, contributes —1. Each of the triplets of particles listed
above are given in increasing mass order, except for the neutrinos, which are considered
massless in the SM and to which the mass ordering is currently an open question

The final fundamental particle of the SM to be discovered, which completes the SM, is
the Higgs boson: a scalar (carrying a spin of 0) boson, with no colour or electric charge
but a large mass of (125.20 £0.11) GeV , which couples to massive particles but does
not convey a fundamental force. The coupling of the Higgs boson to massive particles
generates their masses (see Section . The Higgs boson was discovered jointly by
the ATLAS and CMS experiments only as recently as 2012 ﬂ@,, almost 50 years after

having been postulated @]7

The full set of particles of the SM are shown (excluding antiparticles) in Fig. 2.1} In the
next sections, we consider in more detail the interactions between these particles.

Generation
I II III

f Y 4 N
7 | EANA | E7EA

U C A

. up J\ charm J{ top
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S | 7N | £
0y b
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| clectron J{ muon J{ tau
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\ ¢ neutrino J { 4 neutrino \7 neutrmoJ

Figure 2.1: The fundamental particles of the SM, with electric charges (upper left) and
spins (upper right) annotated.

2.2 Symmetries and interactions of the SM

The SM is defined by the symmetries of its quantum fields, which generate the interac-
tions between particles. This section introduces how each of the interactions arises and
lays out the ensuing properties and behaviours of b-hadrons under these interactions.

2.2.1 Symmetries, local gauge invariance and QCD

Symmetries under discrete and continuous local (gauge) transformations are the corner-
stones of the SM. The former define how interactions may proceed, whilst the latter
generate the interactions themselves.



2.2 Symmetries and interactions of the SM

The SM is subject to three discrete symmetries, each of which manipulate a state (%, t).
Conjugation of charges, C, inverts all charges, i.e., @ < —(@. Parity inversion, P, re-
verses all spatial directions, i.e., (Z,t) Lt Y(—=2,t). Time reversal, T, reverses the

direction of time ¢ (Z,t) EN (&, —t). These symmetries can be combined, for exam-
ple, the CP symmetry which transforms particles to antiparticles and vice versa. The
combination of CP and T symmetries must not be violated under the CPT theorem .

The EM interaction conserves each of the C, P and T symmetries, and their combina-
tions. The same is not strictly true for the strong and weak interactions, though violation
of these symmetries by the strong interaction has not been observed. In 1956, the Wu
experiment, examining the parity of electrons produced in the 3~ decay of ®°Co, demon-
strated that, not only does the weak interaction violate P symmetry, but that it does
so maximally . This was followed in 1964 by evidence of CP violation in the weak
decays of neutral kaons . The KV is observed in short- and long-lived states (see Sec-
tion [2.2.4), which decay predominantly to 7°H)7%) (CP even) and 7% x0)z0 (CP
odd) final states, respectively. On this basis, these were thought to be CP eigenstates;
however, the decay of the long-lived state to 7°7° was observed, which is only possible
if the long-lived state is not a CP eigenstate, i.e., if the CP symmetry is violated by the
weak interaction.

According to Noether’s theorem, every continuous symmetry has a corresponding con-
servation law . The local gauge transformations of the SM, those described in Eq.
correspond to the invariance of the Lagrangian density under those transformations. It
is from this property that the interactions of the SM arise.

To understand how these interactions arise, we consider a free massive fermion, the
kinematics of which are described, according to the Dirac equation, by a Lagrangian
density of

L= (ir"9, —m) é. (2.2)
As an example, we can enforce that this has local gauge invariance under a U(1) sym-
metry, i.e., under a simple local rotation of the field, ¢ — €@ ¢, Applying this
transformation, it quickly becomes apparent that Eq. is not invariant under U(1).
To rectify this, a covariant derivative is defined as

D, =0, +iqa(z) Ay (x), (2.3)

where ¢ describes the scale of transformation (later the coupling strength) and A, (x) is
a gauge field corresponding to the generator of U(1), which transforms as

1
A/.L — A/J' — ga'ua (24)

Replacing the partial derivative in Eq. with this covariant derivative, the Lagrangian
density becomes

L= ("D, — m) 6. (2.5)
A corresponding field strength tensor, F),, can be written as

Fo,=—

1
1q [D/u D, = OuAy — Oy Ay, (2.6)

such that a term describing the kinematics of the gauge field can be added to the
Lagrangian density:

1 -
L= _ZFWFW + ¢ ("' D,y —m) ¢. (2.7)
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We can apply this approach to QCD, which is described by the SU(3) symmetry group,
wherein the C signifies that the strong interaction couples to colour charges. The charge
conjugates of these colours are the anticolours 7, g, and b, respectively; the combination
of a like colour and anticolour, e.g., 77 is considered a colour-neutral state. Quarks
carry a single colour charge, antiquarks carry a single anticolour, and gluons carry both
a colour and anticolour charge. A SU(N) symmetry group has N2 — 1 generators, thus
the SU(3), symmetry group has 8 generators, the 8 Gell-Mann matrices, Aq, which are
used to describe the 8 independent gluon colour configurations, g%, and, by extension, the
gluon fields Af,. The coupling strength in QCD is g5 = v/4ma,. A covariant derivative
is obtained as in the example above; however, with the additional aspect of specifying

colours %, j:
()\a)z'j
2

(D,u)ij = 8u5ij —1gs

As in Eq. the field strength tensor G, can be expressed in terms of D), as

Al (2.8)

a 1 a a a c
GHV = [Dw D)= A, — 8VAM +9sf bCAZA

v
t9s

(2.9)

where f%,. are the structure constants of the SU(3) group. From this field strength
tensor and the covariant derivative, an analogous Lagrangian density can be written for
the field of a quark of flavour f, g5 under QCD as

1 .
Lqcp = _ZGZVGQ’W + Gy (iv" Dy —m) gy (2.10)

The first term of the QCD Lagrangian density gives rise to the gluon self-coupling,
containing terms describing the 3- and 4-gluon interactions. These self-interactions result
in two phenomena, defining the behaviour of QCD at high and low energy scales p (short
and long distances), respectively. The strong coupling constant, as(u), describes the
strength of the strong interaction at a given energy scale pu. As u — oo, as(p) — 0: at
extremely short distances (< 0.1fm), quarks and gluons act as if free, a phenomenon
known as asymptotic freedom . The energy scale at which asymptotic freedom is
no longer applicable is Aqcp, which is typically taken to be ~ 200MeV. Similarly,
as p — 0, i.e., for a larger distance between two quarks, a,(u) — oo, which limits
the strong interaction to a finite distance, that is, the separation at which the energy
required to maintain the separation is sufficiently large to produce a ¢g pair, considered
to be ~1fm. This effect, known as colour confinement, prevents colour-charged states
from being observed.

As quarks cannot be observed as free particles, composite particles known as hadrons,
formed of combinations of quarks/antiquarks held together in colour-neutral bound
states by the strong interaction, are observed instead.

The quarks which directly form a hadron are known as valence quarks, though addi-
tional gluons and ¢g pairs (sea quarks) appear transiently, arising from quantum fluc-
tuations [17]. Hadrons are classified as either mesons or baryons, depending on the
number of quarks contained: mesons contain the same number of quarks and anti-
quarks (as pair(s) of like colour and anticolour), and thus have integer spins; baryons
contain an odd number of (anti)quarks and thus have half-integer spins. Typically, me-
son refers to ¢q states and baryon to qqq/qqq states; however, states containing 4- and
5- quarks/antiquarks have been observed, with the first pentaquark states observed at
LHCD in 2015 [18].
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2.2.2 Electroweak unification and spontaneous symmetry breaking

In the 1950s/60s, the EM and weak interactions were unified into a single theoretical
framework, known as the EW interaction . In this framework, the EW interaction
is described by the product of two symmetry groups: SU(2); x U(1)-, where L indicates
that the SU(2) group acts only on left-handed fermions and the Y corresponds to the
weak hypercharge. The gauge fields Wl}’% and B, arise from the generators of the SU(2)
and U(1) groups, respectively, with the corresponding covariant derivative

/

Jw vy 9
D, =08, - 27“’T Wy, — i Y By, (2.11)

where g, and g/, describe the strength of couplings to weak isospin and weak hyper-

charge, T are the components of the weak isospin (the Pauli matrices o) and Y is the

weak hypercharge, defined such that @ = T2 + Y/2. The corresponding field strength
tensors

W}, = 0,W, = 0,W,, + gue"*WiW}, (2.12a)

B, =0,B, - 90,B,, (2.12b)

contribute to the Lagrangian density as
gauge | W v W | nv . ( . 3)

The gauge fields Wﬁ’m and B* are massless, as introducing a direct mass term for any
one of these fields would violate local gauge invariance. However, we know experimentally
that 3 of the 4 electroweak mediators (W', W=, Z and v) are massive. The framework
must reconcile this difference and produce the mediator masses by other means.

The solution to this, known as the Higgs-Englert-Brout (or Higgs) mechanism, was for-

mulated in 1964 ,@,. A complex scalar (Higgs) field, ¢ = (¢T, ¢°) is introduced,
with a corresponding Lagrangian of the form

Litiges = (Duo)T (DM) — V(9)

2
= 12¢fo+ X (o70) ", (2.14)
where the first term is the kinematic term of the Higgs field and the second the Higgs
potential, and wherein 1 and )\ are free complex parameters. For values of u? < 0,
the potential is unstable at the origin and has infinitely many stable minima at ¢f¢ =
2
— /2.

The expectation of the Higgs field in the lowest energy state can therefore be written,

= % (0,v) where v = \/—u?/2X is known as the vacuum expectation value (VEV). As

the Higgs field takes the VEV, the EW symmetry is spontaneously broken as a specific
minimum of ¢'¢ is chosen. In this case, the kinematic term becomes

Do) (000 =% (o2, (W) +2 (W2)" + (a2 - B)") . 215)

To simplify this expression, four fields are defined as mixtures of W;L and By:

w 1 (1 1 wl
) =3 0 4 (), 22
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A, B cosf, sinb, B, (2.16b)
W, N —sinf,, cosb, Wl‘j’ ’ '

wherein 6,, is the weak mixing (Weinberg) angle, defined such that tan6,, = g/, /g, and
which can be related to the e as e = gy, sin 6, = g, cos 0,,.

The kinematic term can therefore be written in terms of these fields as

2 )2 2( 9 2
(Du (o) (D (9)) = FL=w W + <gwg+9w>

1
= My W, W + §M§ZMZ“,

7, 7"

where My = g,v/2 and My = /g2, + gl,v/2 are the masses of the W and Z bosons.
These masses can be related via the Weinberg angle as cos 6,, = My, /M. No such mass
term arises for A*, the gauge field of the v, with the corresponding symmetry, U(1)gy,
remaining unbroken.

The EW interaction, by construction as a SU(2),; x U(1), gauge theory, treats left- and
right-handed (anti)particles differently: SU(2); acts only on left-handed fermions; the
U(1)y acts on both left- and right-handed fermions, according to their weak hypercharge.
This treatment is described by representing the left-handed fermion fields as doublets,

i.e.,
; u c t)
i = (df) , ( ,L) , (;) , (2.17)
L ST L
/ / /
I <Ve/,L> : (’@L) ’ (%L) , (2.17b)
€r My, L

for quarks and leptons, respectively, where the primes simply denote that these are
flavour eigenstates of the weak interaction. The right-handed fermion fields are repre-
sented by singlets: v/, = u'p, ¢y, t)p and dfy = d’y, 8, b for quarks, and e} = ey, pp, 7h
for the charged leptons. No right-handed singlets are considered for neutrinos, as these
are not part of the SM and remain as yet unobserved. The kinematic term of fermions
in the EW Lagrangian density can be written in terms of these fields as

Ekinematic = Z ZQ’V“D#Q + Z ZZ’)/MDH[ (218)

4=Q}f il =L

However, if fermions were to be inherently massive, much as for the mediators, the
resulting mass terms would not be invariant under the EW gauge symmetry. We must
therefore consider them to be massless and look again to the Higgs field to generate
masses.

The couplings of the fermions to the Higgs field, known as the Yukawa interactions/couplings,
prior to symmetry breaking, are given by

Lyukawa = —YuQr o ulh — YaQrodh — Y.Ly ¢* ey, (2.19)

where Y, are the 3 x 3 Yukawa matrices, describing the strength of each coupling, and
where higher order terms are conventionally ignored. Upon symmetry breaking, these
terms become conventional mass terms, e.g., %YuﬂLu R, generating the fermion masses.
After symmetry breaking, the Yukawa matrices can be diagonalised by rotating from the
flavour eigenstates, u’L R d’L7 R e’L’ r to the corresponding mass eigenstates, ur, r, dr R,
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er,r- In the quark fields, these rotations are performed by the 3 x 3 unitary matrices
Vﬁ ’g, e.g., uy = Viur, though only one Yukawa matrix can be diagonalised at a time.
If Y? is diagonalised, then u; are considered equal to ur, and the down-type flavour
eigenstates d; are rotated to the equivalent mass eigenstates dr,, where the corresponding
rotation matrix is in fact the Cabibbo-Kobayashi-Maskawa (CKM) matrix, discussed in

Section 2.2.3l

2.2.3 Weak currents, the CKM matrix and flavour-changing processes

Flavour-changing processes can only proceed via the weak interaction. The weak interac-
tion can be split into two classes of interactions: charged currents, mediated by the W*
bosons, and neutral currents, mediated by the Z boson. Charged currents involve both
a change in electric charge of e and a change of flavour, between up-type and down-type
quarks or between charged and neutral leptons. The contribution to the Lagrangian
density of the charged current for quarks can be written as
g _ _ —/

Lic = % (UIL'YMW “dy, + dL')’uw+uulL) ) (2:20)
in terms of the weak flavour eigenstates. Rotating from the weak flavour eigenstates to
the mass eigenstates per Section this can also be written as

_ _ = f
Ll = % (uL (Vi) VW rdy, +dg (Vi) Vf’y#W+“uL) , (2.21)
wherein (V,—f)TVg is the CKM matrix Vogum, and likewise (VLd)TVL“ is VCTKM. The CKM
matrix thus determines the relative probabilities with which the flavour-changing tran-
sitions between up- and down-type quarks proceed, with the complex CKM elements
labelled according to these transitions:

Vud Vus Vub
Vekm = | Vea Ves Vep |- (2.22)
Via Vis Vi

The elements of this matrix can be parameterised in many ways, though commonly these
are expressed in terms of three real mixing angles and a complex phase [19]:

1 0 0 C13 0 8136_i613 C12 s12 0
Vekm = |0 ca3 523 0 1 0 —s12 c12 0
0 —8923 (€23 —S13 0 C13€i§13 0 0 1
C12€13 512€13 s1ze” 01
= | —s12¢23 — C12523513€71%  c12c23 — S12893513€013 s23c13 | - (2.23)
512823 — C12C23813€013  —Cia823 — S12023813€013  cazers

Since the phase § is the only complex term, it encodes the entirety of the CP violation
in the quark transitions.

As this parameterisation is rather unwieldy, another common parameterisation, the
Wolfenstein parameterisation, gives these elements as

— g\ A AN (p—in)
Vekn = —A — 1y AN? +0 (A1), (2.24)
AN (1—p—in) —AN? 1



2 Heavy flavour physics in the Standard Model

where A = s19, A = s93/8%9, p + in = s13¢713 /519803 (with p,n € R), are the
Wolfenstein parameters . This is an expansion in powers of A, which shows that
the diagonal elements are closest to 1 (Cabibbo-favoured) and that the off-diagonal
(Cabibbo-suppressed) elements are then significantly smaller, with V,; and V4 as the
smallest. The latest experimental averages of these parameters are A = 0.22501+0.00068,
A =0.826T0018, p = 0.1591 £ 0.0094, and 5 = 0.35233997% [5).

The CKM matrix is, by definition, unitary, i.e., VCKMVérKM = I3. This can be written
as two constraints in terms of the elements:

D ViV = ViV =1, (2.252)
J J

> ViViy =0 fori#j, (2.25b)
k

constraining the diagonal and off-diagonal elements, respectively. The latter is partic-
ularly interesting: the sum of three complex numbers to 0 can be considered a closed
triangle in the complex space. Therefore, Eq. represents six triangles, one for each
1,7 combination. The area of these triangles is given by half of the Jarlskog invariant,
J, written as

J = ’Im {V;]‘/jk Z?Vk);}‘ = 6126%3623512813523 sin . (226)

Since this is proportional to sind, it is considered a measure of the scale of CP violation
in the SM, estimated to be J ~ 3 x 107° . This also implies that three generations
of quarks are required for CP violation to be present.

Considering the case of i = d and j = b, the triangle can be scaled by |V.4V;| such that

its points lie on (0,0), (0,1), and (p,77), wherein p and 7 are the generalised Wolfenstein

parameters p = p>_(—1)"A\"/n! and 7 = n>_(—1)"A\"/n!, such that the angles of the
n n

triangle are given by

ViaViy
= — 2.2
e arg< VaaVs ) (2.27a)
8 = arg (- Ved cg) , (2.27D)
VUd ub
VedViy,
=arg [ — <. 2.27c
gl g( ViaVr > (2.27¢)

This triangle, and accompanying experimental results (as of September 2023), are shown
in Fig. Measurements of the parameters of the CKM unitarity triangle provide a
null test of the SM in the closure of the triangle, and provide access to the scale of CP
violation [22].

In contrast to charged currents, neutral currents do not involve a change of electric
charge and cannot facilitate a change in flavour at tree-level. At higher orders, flavour-
changing neutral currents (FCNCs) are possible in the SM via the Glashow-Iliopoulos-
Maiani (GIM) mechanism, wherein W+ bosons are exchanged in one-loop box-diagrams
containing a virtual quark . As the possible box-diagrams contain elements of the
CKM matrix on either side of the diagonal, which are of similar magnitude but opposite
sign, the resulting interference between these loop diagrams is destructive and leads to
a near-total cancellation. This cancellation, known as GIM suppression, is proportional
to the difference in mg / m%/v for the involved virtual quarks q.

10
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Figure 2.2: CKM unitarity triangle defined by the angles in Egs. with the
constraints imposed by relevant measurements overlaid, taken from Ref. .

The couplings of the W+, Z and v to charged leptons are independent of the lepton
flavour; processes involving each flavour of lepton should, accounting for differences
in their masses, proceed at the same rate. This property is known as lepton flavour
universality and has been studied extensively, as discussed in Section

2.2.4 Phenomenology of heavy flavour physics

The properties and decays of hadrons containing the heavy b- and c—quarksﬂ provide
many ways to stress test the SM and search for new physics. Before embarking on
searches for physics beyond the SM (BSM), as is discussed in Section we must first
understand how these hadrons behave.

This work focuses primarily on hadrons containing a b-quark. As the b is always the
heaviest quark in a b-hadron, the dominant decays of a b-hadron are those which remove
the b-quark. Since, at tree-level, only the weak charged-current interaction can change
quark flavours, b-hadrons decay predominantly via the weak interaction and hence have
a longer lifetime than hadrons which decay primarily via the strong interaction. This
lifetime is typically around O (1 ps), which, at energies of ~ 10 TeV, corresponds to a
flight distance (FD) of ~1 cm. The detachment from the point of production, the primary
vertex (PV), also causes the decay products to appear to originate from away from the
PV. This is quantified by the impact parameter (IP), the closest distance between the
PV and the trajectory of a given particle. The topology of an archetypal decay of a
b-hadron to a c-hadron is shown in Fig. with the FDs of both hadrons and the IP
of the c-hadron annotated.

The quantum states of neutral mesons containing b-quarks exhibit oscillation between
their flavour eigenstates, i.e., between B?S) and E?S), over periods of a similar scale
to their respective lifetimes . This is in contrast to neutral kaons or c-mesons,
in which the smaller difference in mass of the constituent quarks results in a heavier

suppression by the GIM mechanism , resulting in much longer oscillation periods.

For a neutral meson M containing qq’, the flavour eigenstates of the meson and its
antimeson counterpart are |M) and |M), respectively. The mass eigenstates of the

!The t-quark is excluded in most definitions of heavy flavour physics, as it is too heavy, and hence short-
lived, to form bound states. Recent measurements by the ATLAS and CMS experiments suggest the
existence of a quasi-bound ¢t state, though this is produced extremely rarely .

11



2 Heavy flavour physics in the Standard Model

FD.
c-hadron

Figure 2.3: Schematic of the topology of a b-hadron decaying to a c-hadron. Distances
not drawn to scale.

meson, from which its time-evolution is defined, can be written as a linear combination
of these,
| Mi2) = pIM) — q| M), (2.28)

with corresponding masses mj 2 and decay widths I'; 2, where Ip|* + |q|* = 1. From the
Schrodinger equation, these states derive a time-evolution of

| My o(t)) = e~ mi2tTa2/2t 1 (0). (2.29)

Incorporating this into the inverse of Eq. [2.28, the time-evolution of the flavour eigen-
states can be written as

M(1) = o

— 27( (ef(im1+F1/2)t + ef(im2+F2/2)t) p|M(0)>
p

t (et =limatT2/20) g7 (0)) ). (2.30)

The time evolution can also be described in terms of the means and differences in masses
(m = (m1+mg) /2 and Am = my — my) and decay widths (I' = (I';y + I's) /2 and
AT =T9—T). These can be reparameterised further, introducing the terms x = Am/T’
and y = AT'/2T", such that the time-dependent prefactors of Eq. can be written as

fi(t) _ %e—(im+F/2)t (e(iz+y)Ft/2 + 6—(i:v+y)Ft/2) . (2'31)
This is a handy condensation, as the square magnitudes of fy (¢) are then simply

|fel? = %e*” (cosh (yI't) & cos (zI'%)) . (2.32)

The probabilities that a meson starts in flavour eigenstate |M) and either remains in
this state or has transitioned to |M) at a time, ¢, are given by

P(M — M, t) = (MM () = | f+(t)], (2.33a)

12



2.2 Symmetries and interactions of the SM

P(M —M,t) = ‘ - (). (2.33b)
p
Similarly for |M), the probabilities are
P(M - M,t) = P(M — M), (2.34a)

P(M = M,t) = ’5 i 1f- (1)) (2.34b)

The flavour of the meson oscillates with a regular period, defined primarily by the relative
difference in the masses () of the two eigenstates; for a smaller mass difference, the GIM
suppression of the mixing amplitudes is greater and the period longer. For charm mesons,
such as DY, where x is very small (measured to be z ~4 x 1073 [5]), oscillations occur
very slowly, with effectively all mesons unable to complete a full period before decaying.
In contrast, for BY mesons, x is very large (measured to be x = 27.01 4 0.10 ), with
many mesons completing multiple oscillation periods before decaying. The measurement
of these oscillations in B?— Dy w" decays by LHCD is shown in Fig.

— B » D;nt — B — D;m* — Untagged

B I Z 03 TN '
Z 2000 [ E 0.2 f?f‘ta ]
= g it 3
~ » 0.1
w B < 3
% 1000 [, 0-0 E 3
[ r’ - -
& —0.1 5
i —02F \ LHCb -
0k —0.3F . I 6fb " 3

0.0 0.1 0.2 0.3

t modulo 27/ Am, [ps]

=)
(a) Decay time of BY mesons of known initial (b) Asymmetry in decays collapsed onto a sin-
flavour. gle oscillation period.

Figure 2.4: Mixing of BY and BY mesons as measured by LHCb in B? — D7t decays
in Run 2, taken from Ref. .

In addition to the mass eigenstates, CP eigenstates can be formed from the flavour
eigenstates:
1 I
M (1)) = 5 (1M(0) & ) (2.35)

such that CP|M) = £|My). These provide the rates at which M decay to either final
state f or f. The CP asymmetry can then be defined as the ratio of difference to sum
between the rates of decays to f and f:

[0(M(t)—F) + (1)~ 7)] - [0(M(t) = £) + T(3(H) —~ 1 )|

(M)~ F) + 0(M(t) > T)| + [0(Mt) — £) + 1(M(1) > £ )| '
(2.36)

ACP(M — f) =

CP violation in B?S) decays can arise from three different sources. Firstly, direct CP

violation arises when the interference between different decay amplitudes causes I(M —
f) #0(M — f), e.g., from the tree-level and penguin diagrams of BY — K7~ decays

13
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as studied in Ref. [30]. Secondly, indirect CP violation arises through the mixing of
neutral mesons, wherein CP violation is observed if (M — M) # I(M — M), as
studied in B® — D*~pTy,decays in Ref. . Finally, interference CP violation can
arise when M and M both decay to f, as M may oscillate to M and then decay to
f. This additional amplitude then interferes with the direct decay M — f, such that
I(M — f) #T0(M — M — f), e.g., in the decay B®— J/K3studied in Ref. [32].

Considering first direct CP violation, we take a flavour-specific process M — f, i.e., a
process in which M decays to f but not f and M decays to f but not f, with at least two
contributing amplitudes, say A (M — f) = A€ and Ay(M — f) = Age™®2e?2,
wherein A;, 0;, ¢; are the magnitude, strong phase and weak phase of amplitude A; .
Their sum can be written in terms of the relative magnitude and phases, r = As/Aj,
(5:52—(51 andeZ(;Sg—(bl,as

AM — f)=A (1 + T€i6€i¢) . (2.37)

Assuming that the equivalent amplitude for M — f differs only by the sign of ¢, then
the CP asymmetry is given, per Eq. by

2 2
A? ‘1 +refe™ | — A3 ‘1 + retdel®

A2 |1+ reibemio]® 4 A2 |1 + reideid|?
~ 2rsin (¢) sin (9) , (2.38)

Acp(M — f) =

for small values of r, § and ¢. Provided that the two amplitudes differ in both their
strong and weak phases, direct CP violation will be induced.

Indirect CP violation is rather different, instead arising from differences in the processes
M — Mand M - M . We consider again a flavour-specific process: if the initial
state is observed to be M (e.g., via techniques such as flavour tagging described in
Section and the final state observed as f, then we know that the decay must have
proceeded as M — M — f. Making use of the probabilities in Eqs. [2.33b] and [2.34bl
the decay rates involved in the asymmetry are:

N(M—F,t) =T(M—M-F,t) ‘Z ; 1F— (1), (2.39a)

2

M f.t) = (M=M= £,t) ‘; L. (2.39b)

The asymmetry between these decay rates is then given by

. _ la/pl* = Ip/af
la/pI* + Ip/al®

which is notably time-independent, as the terms in f_(t) cancel. If |¢/p| # 1, CP
violation is present in mixing.

(2.40)

Finally, considering interference CP violation, for a process in which both M and M
can decay to a CP invariant final state f, the interference of decays proceeding directly
(M — f) and via mixing (M — M — f) result in CP violation. Adapting Eq. the
amplitudes can be written as

A(M(t) = f) = Apfo(t) + Zf%f— (t) (2.41a)

14
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,A<ﬁ7@y%j)::?Qf+@)+uAf£f,@). (2.41b)

Applying a sunllar treatment to that between Egs. 2.31] and 2.32] and introducing the

factor Ay = E/Tf the asymmetry induced by the interference of these amplitudes is given

by
LM ()~ /) ~H(M 1)~ )
ﬂMU%ﬂ+d (1)
_ 2Im{ A} sin (= (1 — | Ayl )cos («T't)
2Re{Ay} sinh (yI't) + (14 [As[*) cosh (yI't)

p(t) =

(2.42)

For BY mesons, where the difference in the decay widths, and, by extension, y, is effec-
tively 0, this reduces further to

Acp(t) = Sysin (aI't) — Cy cos (2T't), (2.43)

where the scale of interference CP violation is parameterised by

2Im{ s}

=\ (2.44a)
L+ [Ag
1_ 2

_ 1= (2.44D)
L+ [Ag

The variety of observables with which CP violation in the b sector can be studied pro-
vides numerous routes to probe the SM. Measurements of these observables, such as in
Chapter 4] rely on large samples of b-hadron decays. Fortunately, many decays in which
these observables can be studied proceed by charged currents, i.e., they contain b— ¢
and b— w transitions, and hence proceed with branching fractions upwards of (9(10_4).

A final set of b-hadron processes to consider are decays containing a b — s or b — d
transition. These transitions involve FCNCs, which, as discussed in Section [2.2.3] are
forbidden at tree-level in the SM. Instead, they must proceed via a loop, as the b-quark
must first be transition to a virtual up-type quark before then transitioning to a s or d,
for example, e.g., as shown in Fig. for the transition b— s¢T¢~.

t,c,u
> S b W S b > >
4 w W=t g (W7
v/Z VA v/Z VA
- L

(a) W* penguin diagram. (b) Quark penguin diagram. (c¢) Box diagram.

Figure 2.5: Leading order Feynman diagrams for b— s¢™ ¢~ transitions in the SM.

The virtual quark is most likely a t as, V} is several orders of magnitude larger than
Vup and Vg, as demonstrated in Eq. where V5, and V,;, are suppressed by A? and

15
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A2, respectively. As this t-quark must then transition to the s or d, the CKM element

o, or V5 is introduced, further suppresses the amplitude. Additional suppression of
such processes is also induced by the GIM mechanism. The CKM and GIM suppression
result in extremely small amplitudes, such that processes containing these transitions are
referred to as rare decays. For example, the decays BT — K+t¢*¢—, B — K*0¢+¢~ and
BY — ¢¢* ¢~ have branching fractions measured to be (4.53 £ 0.35) x 1077, (9.4 4+ 0.5) x
1077 and (8.3 £ 0.4) x 1077, respectively .

For the SM to be probed by studying the nature of b-hadron decays described above,
precise theoretical predictions must be made of the expected values of these proper-
ties. Many frameworks exist for computing such predictions; however, those which have
proven most successful use the unique properties of b-hadrons, such as their relatively
large mass, to their advantage.

2.2.5 Effective field theories for heavy flavour phenomenology

Effective field theories (EFTs) provide approximate descriptions of a field theory, con-
structing an effective Hamiltonian containing only the aspects of the theory which are
relevant at a given energy scale. As the heavy quark in a b-hadron is much heavier than
the other (anti)quark(s), an EFT describing the behaviour of b-hadrons, known as the
Heavy Quark Effective Theory (HQET), can be defined from the scale of the b-quark
mass, such that quantities are expressed as series expansions in powers of 1/my. These
series can then be used in perturbative calculations to obtain predictions of heavy flavour
observables, such as hadronic masses and decay rates. The applications of HQET to the
two families of b-hadrons decays on which this thesis focuses are considered: non-leptonic

(*)

decays containing a b — cugq transition (specifically B?S) — D(:)_th decays) and rare

decays containing a b— s¢T¢~ transition.

Predictions of observables for BOS — Dg:)) “hT decays, require careful treatment of con-
tributions from QCD, as both the initial and final states are fully hadronic. Perturbative
calculations require quantities to be expressed as series of diminishing small terms. This
is not the case for the long-distance contributions from QCD, i.e., the behaviour of
strongly coupled constituent quarks and gluons, hence these contributions cannot be
neatly considered together with the short-distance contributions from the weak interac-
tions in which we are interested. The framework to disentangle these contributions is
known as QCD factorisation (QCDF) [35], wherein the fact that Aqcp/my < 1 is used
to form an expansion in terms of Aqcp/mp which cleanly separates the scales of the
QCD contributions [36].

In particular, two B?S) — DE:))_h+ decays, B - D~ K*tand B? — D %, are con-
sidered golden modes for QCDF, as these flavour-specific decays proceed (at leading
orders) solely at tree-level, avoiding non-factorisable contributions from penguin and
topologies . QCDF has thus been used extensively to predict observables such as the
branching fractions discussed in Section and the ratios of b-hadron fragmentation

fractions )

In the case of decays containing b — s¢T¢~ transitions, the leptons in the final state
cannot interact with the b and s via the strong interaction; aside from in the internal
meson dynamics, only the weak interaction is at play. Neglecting small corrections from
the heavily CKM suppressed contributions in which the virtual quark is a w or ¢, the

16



2.3 Looking beyond the SM

effective Hamiltonian describing b — s¢™¢~ transitions can be written as an operator-

product expansion:

Her = —Zl\c/;;‘/ibvt: > (€0 +COj), (2.45)

7

where O; are operators describing the possible left-handed long-distance interactions of
the four fermions, C; are their corresponding Wilson coefficients (WCs), and O} and C] are
their right-handed equivalents . These operators correspond directly to different
Feynman diagrams contributing to b — s¢/T¢~ amplitudes, e.g., the EM penguin, EW
penguin, and box-loop, which corresponding to operators (95/), Oé/) and Ogg. At the
energy scale of the b-quark mass, these are given by

(n_ _¢ = v

07 = 1672 my (SO'/“,PR(L)b> P y (2.468,)
2
n__¢ (= 7
Org’ = 1672 (SVuPL(R)b) (Efy“ﬁ) , (2.46b)
2

n__ ¢ (= 7

Oy = = (S’}/MPL(R)I)> (57“755) , (2.46¢)

in which P, = (1 —~s) /2 and Pg = (14 7s) /2 [39)].

Many observables provide access to the three WCs listed above: branching fractions of
b — s{T¢~ processes relate C79.10 , angular observables in B® — K*0/*¢~ decays

relate to Cél) || and the ratios of branching ratios between dielectron and dimuon

modes probe ngt)lo . The WCs can be measured and compared to their theoretical
predictions: contributions from NP could reduce or enhance one or more WC. The WCs
thus give an indication of both the scale and topology of such contributions.

2.3 Looking beyond the SM

The SM has proven thus far to be an extremely robust, predictive model. The existence
of the gluon, W*, Z, Higgs boson, 7 and the c-, b- and t-quarks, were all predicted by the
SM prior to their discoveries. Similarly, the SM has survived countless tests, including
direct searches and null tests of its predicted phenomena. However, when we step back
and look at fundamental physics as a whole, we see many phenomena which cannot be
explained by the SM, a handful of which are discussed below.

Firstly, are the phenomena and properties of the universe on the largest scales, sup-
ported by extensive cosmological evidence such as the angular power spectrum of the
cosmic microwave background . This evidence affirms general relativity, indicates
that the expansion of the universe is accelerating, and supports the Lambda cold dark
matter model in which the universe contains dark energy and dark matter in addition
to ordinary matter. The SM provides no description of gravity or a viable cold dark
matter candidate. Additionally, significantly more (baryonic) matter than antimatter is
observed in the universe than can be accounted for based on the CP violation of the

SM [14[45).

The description of neutrinos in the SM has also been proven to be incomplete. The
oscillation of neutrinos between flavours, first directly observed by the Sudbury National
Observatory in 2001 and further confirmed by later experiments, is only possible if at
least two of the neutrinos are massive. In the SM, all three neutrinos are massless, thus
an extension to the SM must be required, provided by the Pontecorvo-Maki-Nakagawa-
Sakata matrix, which is analogous to the CKM matrix in that each neutrino obtains
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2 Heavy flavour physics in the Standard Model

a mass eigenstate, mj 23. Neither the form of the neutrino masses (whether these are
given by Dirac- or Majorana-like terms ) or their ordering are specified by the
SM.

In addition to these discrepancies, the electroweak scale (O(100 GeV)) is much smaller
than the Planck scale ((’)(1019 GeV)) without an apparent explanation, known as the
hierarchy problem. In particular, the corrections to the bare Higgs mass arising from
vacuum polarisation are quadratically dependent on the energy scale . If the SM
is valid at the Planck scale, then for the Higgs to obtain its observed mass, either the
bare Higgs mass must be extremely finely-tuned, i.e., to within 1073, or additional
contributions must otherwise provide a cancellation of the quantum corrections .

It is clear that the SM is incomplete and that some form of physics lies beyond the SM.
We thus turn our attention to the ways in which NP, particularly new particles, can
be sought. Searches for NP fall under two categories: direct searches which seek new
particles through their production, and indirect searches which study observables affected
by the existence of new particles. Direct searches provide the clearest possible evidence
for the existence of new particles; however, they require a system with sufficient energy
to produce the new particles, i.e., the maximum collision energy of collider experiments.
In contrast, indirect searches are inherently less sensitive to NP than direct searches;
however, as the new particles need only exist as virtual particles, indirect searches can
probe much higher energy scales.

As discussed in Section the decays of b-hadrons provide a range of observables with
which to test the SM; the frameworks discussed in Section provide precise SM pre-
dictions against which experimental observations can be compared. The simplest of such
observables to study are the branching fractions of decays: BSM particles may introduce
additional amplitudes to a given decay, which interfere with the SM decay amplitude
to result in a branching fraction larger or smaller than predicted by the SM. If these
additional amplitudes have weak and strong phases differing from the SM amplitude
then such BSM particles would also induce direct CP violation per Eq. which can
be measured in decays containing b— cuq transitions as these proceed relatively abun-
dantly. In the flavour-specific QCDF golden modes of B — D~ K*and B? — D 7™,
where the decays are described by a single amplitude, the addition of such an additional
amplitude would modify the asymmetry Al as

A?s ~ a(fls - Agir’ (247)

where af, is the CP asymmetry from mixing, which should be equal to al, the CP
asymmetry from mixing measured in semi-leptonic decays of the D(_S). If Al were to be
found to be inconsistent with a?j, this would be a clear indication of the presence of NP.
Such a test is described in Chapter 4l Similar modifications of CP violation in other
channels may also induce deviations in tests of CKM unitarity.

The branching fractions of rare decays, e.g., those proceeding by FCNCs such as b— sf1¢~,
are those most sensitive to NP. Since the branching fractions of these are so small, e.g.,
B(BY— K*utp~) = (9.4£0.5) x 1078 [5], even a small additional amplitude could
induce a significant excess. The dependence of branching fractions on the angular prop-
erties of the BY — K*0/*/~ system can also be modified by NP contributions. Finally,
the ratios of branching fractions between decays containing different leptons, e.g., the
ratio B(B*— KTptu™) /B(BT— KteTe™) known as R, are modified by some BSM
models in which LFU is violated, ¢.e., in which new particles couple to each lepton
flavour with a different strength. LFU ratios are particularly interesting observables as
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2.4 Current experimental status

the SM predictions are very clean and the form factors, on which the uncertainties are
large, cancel out in the ratio. Studies validating the Run 3 LHCb detector (described in
Chapter j5|) ahead of measurements of such ratios using Run 3 data are detailed in Chap-
ter [6. As discussed in Section all of these quantities provide access to the WCs

C%’lo, allowing for comparisons of combinations of observables against SM predictions.

2.4 Current experimental status

Having defined observables in which NP can be sought in the decays of b-hadrons, the
status of measuring these observables is considered. In particular, this section focuses
on the b — cug anomaly and anomalies in tests of LFU, which motivate the analysis
described in Chapter [4] and measurement described in Chapter [0, respectively.

2.4.1 The b— cuq anomaly

In recent years, measurements and theoretical predictions of the branching fractions
of B?S — D(:)_hJr decays have exhibited growing tensions . These tensions, sum-
marised in Fig. all involve deficits with respect to the predicted values, which are
all of similar relative scales across the family of decays. Since these decays all contain a
b— cugq transition, this is known as the b— cug anomaly.

B(B" = D"K™ ) e
B(B" =5 D*""K ™) ot

B(BY — D n™) ——

B(B" — D**7) ——

B(BY — DfK~) ——

B(B! = Dim")| ——

T T T T T T
2.0 2.5 3.0 3.5 1.0 1.5
Branching fraction
(Units of 1073 for b — cud and 10~ for b — cus decays)

Figure 2.6: Overview of experimental (blue) and theoretical (yellow) averages of branch-
ing fractions of B?s) — DE:)) “h™T decays, courtesy of Nicole Skidmore.

As described in Section[2.2.5, QCDF (with which these branching fractions are predicted)
is widely considered a reliable and robust framework; such tensions come as a surprise
and we should consider an alternative explanation for these. As in Section an
additional contribution to the decay amplitudes from a generic NP model could result
in such a tension. However, branching fractions can be difficult to measure precisely as
they require a deep understanding of accelerator, detector and selection effects, and are
thus typically cautiously compared to theoretical predictions. If NP is responsible for
these tensions, then other observables may be sensitive to this . We therefore turn
to the CP asymmetry, as per Eq.

In Chapter 4, a direct contribution to the CP asymmetry of BY — D, 7F decays, AL, is
studied in LHCDb pp data recorded in Run 2 of the LHC.
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2 Heavy flavour physics in the Standard Model

2.4.2 Lepton flavour anomalies

As described in Section NP contributions which couple more strongly to different
flavours of leptons may induce excesses or deficits in the branching fractions of decays
containing b — s¢*{~ transitions, and values of LFU ratios inconsistent with unity. In
addition to providing clean theoretical predictions, per Section both the displaced
primary vertex from the b-hadron decay and the dilepton (¢7¢7) final state are relatively
clean signatures, making such decays experimentally advantageous to study. Dedicated
selection algorithms can be derived which target these signatures, such as those discussed

in Section [5.2.11

Branching fractions and LFU ratios spanning a broad range of dilepton signatures have
been measured and compared extensively against SM predictions, as shown in Fig.
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(a) Anomalies in branching ratios. (b) Anomalies in LFU-ratios.

Figure 2.7: Summaries of the current state of b— s¢™¢~ anomalies taken from Ref. .

The branching fractions exhibit tensions with SM predictions across the many channels
studied, in places up to almost 50. As for the b — cug anomaly, tensions in these
branching fractions are treated with caution; however, the scale of the tension leaves
plenty of room for NP contributions. Since the SM predictions of LFU ratios are much
cleaner, a large tension between prediction and measurement in any one of these would
be conclusive evidence of NP. Small tensions in the LFU ratios are present across those
measured, though only up to ~20. The largest of these are seen in R(D) and R(D*),
which when compared together against the equivalent SM predictions, demonstrate a
greater tension of 3.14¢0 .

In Chapter 4, the LFU ratio of BT — J/ (£¥47) K™ decays, 7, a prerequisite to Ry,
is measured in LHCb pp data recorded in 2024.
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3 The LHCDb experiment during Run 2
of the LHC

The Large Hadron Collider beauty (LHCb) experiment is one of four major experiments
at the Large Hadron Collider (LHC), designed for studying heavy flavour physics. This
chapter introduces the LHC and the LHCb detector as operated between 2015 and
2018. The high-quality tracking and identification of charged particles by the LHCb
detector are also introduced. These make LHCDb a uniquely well-equipped observatory for
measurements of heavy flavour processes, such as those described in Chapters[4&[6l The
trigger systems employed to process the immense data recorded by the LHCb detector
are also discussed, ahead of the detailed discussion of their upgrade in Chapter

3.1 The Large Hadron Collider

The LHC, shown in Fig. was designed to collide beams of protons and heavy ions
such as lead, though this thesis will focus solely on the pp configuration. Large experi-
ments are placed at each of four interaction points (IPs), where the beams are brought
to collide: A Toroidal LHC Apparatus (ATLAS), A Large Ion Collision Experiment
(ALICE), Compact Muon Solenoid (CMS), and LHCb. The LHC has operated for three
data-taking runs: Run 1 (2009-2013), Run 2 (2015-2018), and Run 3 (2022-present,
expected mid-2026). Additional runs are also planned to take place into the 2040s.

The CERN accelerator complex
Complexe des accélérateurs du CERN

ALICE

HiRadMat /
BT | e

- MEDICIS

ISOLDE

...................

REX/HIE- East Area
ISOD H

...................

» H" (hydrogen anions) ) ions D RIBs (Radioactive lon Beams) } B (antiprotons) P e (electrons) P p (muons)

Figure 3.1: Schematic diagram of the LHC and accompanying accelerator facilities,
sourced from Ref. [54].

Located on the French-Swiss border near Geneva, the LHC occupies a 27km tunnel,
designed to accelerate and collide counter-rotating proton beams at centre-of-mass en-
ergies of up to 14 TeV at an instantaneous luminosity of up to 2 x 103* cm=2s~!. This
luminosity is achieved by operating with beams of 2808 proton bunches, each containing
1.1 x 10™ protons, which are injected in fills. The bunches are separated such that
collisions occur every 25ns, i.e., at 40 MHz. The protons, which are provided by the
ionisation of hydrogen, are accelerated to their nominal collision energy by a chain of
accelerators, each operating in a different energy regime.
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3 The LHCD experiment during Run 2 of the LHC

Protons are first accelerated to 160 MeV by Linear Accelerator 4 , then by the circular
accelerators of the BOOSTER to 1.4 GeV, the Proton Synchrotron to 25 GeV, and the
Super Proton Synchrotron to 450 GeV . These protons are then injected into the
LHC, which has 8 bent and 8 straight segments: bent segments employ dipole magnets
(1232 in total) to bend the beams; straight segments have a variety of purposes. Of the
8 straight segments, one employs radio-frequency cavities to accelerate each beams to
6.5 TeV, another is responsible for dumping the beams, two segments employ quadrupole
magnets to collimate the beams, and the final four contain the IPs.

The IPs are the locations of the four LHC experiments. At IP2, ALICE studies quark-
gluon plasma and the nuclear structure, namely in heavy ion collisions. ATLAS (at
IP1) and CMS (at IP5) are general-purpose detectors, with varied physics programs,
including the discovery, and subsequent studies of, the Higgs boson. Finally, LHCD,
described in this chapter, resides at IPS.

3.2 The LHCDb detector in Run 2

The LHCDb detector is a single-arm forward spectrometer with a horizontal acceptance
of [10,300] mrad and vertical acceptance of [10,250] mrad. This gives a coverage of
collision products with a pseudorapidity of 2 < n < 5.

The design exploits the natural favouring of bb pair production in collisions with a
significant difference in the momentum fraction of the colliding partons, i.e., in which
the bb pair is strongly boosted in the forward /backward directions, as pictured in Fig.
In collisions with a large difference in parton momentum fraction, the total energy of
the colliding particles is much smaller, i.e., closer to the b-quark mass, than the collision
energy of the protons. The cross-section of bb pair production in 13 TeV pp collisions was
measured to be (144 £1+21) ub ; the 6fb~! integrated luminosity of pp collisions
recorded by LHCb in Run 2 correspond to over 860 billion bb pairs. This abundance of
bb pairs makes LHCb an ideal experiment for studying heavy flavour physics.

LHCb MC

(s =14 TeV

0, [rad] 2

/4
o 0, [rad]

B (b) bb production cross-section dependence on
(a) bb production cross-section dependence on q of the quarks. The LHCb angular accep-
angle of each quark to the collision axis. tance is shown in red.

Figure 3.2: bb production cross-section dependence on the angle/pseudorapidity of each
quark, taken from Ref. .

To maintain stable data taking conditions at an approximately constant detector occu-
pancy, the instantaneous luminosity at LHCD is levelled, i.e., the beam dynamics are
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3.2 The LHCD detector in Run 2

varied during each LHC fill to keep the instantaneous luminosity constant [59]. This re-
duces associated systematic effects and avoids the need to frequently change data-taking
conditions such as the trigger configuration (described in Section by maintaining
an approximately constant rate of data from the detector.

As described in Section according to QCD confinement, the b and b quarks cannot
be observed as free quarks and instead must hadronise with either valence quarks of
the proton or with sea (anti)quarks. The fractions of b-quarks which hadronise with
a, d, ¢ 5 or ud to form a B, B°, B, BY or Ag, respectively, are known as the
fragmentation fractions f 4 ¢ s baryon . As the sea quarks are produced as ¢q pairs,
the § must also hadronise; information on the b-hadron flavour can be potentially be
inferred from the surrounding hadrons, as described in Section Since the valence
quarks of the protons are always quarks rather than antiquarks, an asymmetry arises in

the production of hadrons containing a b/b.

The LHCb detector, as operated during Run 2 of the LHC, is shown in Fig. The
subdetectors can generally be grouped into two categories based on their purpose in
the detector: subdetectors responsible for the tracking of charged particles and recon-
struction of vertices, discussed in Section and subdetectors responsible for the
identification of particles and calorimetry, discussed in Section Hardware and
software trigger systems are employed to process and reduce the data read out from the
detector, which is further processed offline, as described in Section [3.2.3]

sm 10m 15m 20m z

Figure 3.3: Side-on schematic of the LHCb detector in Run 2 of the LHC from Ref. .

3.2.1 Tracking of charged particles and reconstruction of vertices

Precise measurements of the properties of charged particles tracks and decay vertices are
crucial to the LHCb physics programme. A large dipole magnet is employed to deflect
any charged particles traversing the detector, such that their momenta can be deter-
mined from the measured deflection angle: positively and negatively charged particles
are deflected in opposite directions; particles with a smaller momentum are deflected
through a larger angle. The Vertex Locator (VELO) and tracker Turicensis (TT) mea-
sure trajectories prior to deflection; tracking stations (T1-T3), which lie downstream of
the magnet, measure trajectories after deflection. The VELO has the additional task
of precisely measuring the decay vertices detached from the collision. Acting together,
these achieve measurements of charged particle momenta to precisions below 1% and
reconstruct tracks with efficiencies consistently above 95%, as shown in Fig. The
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3 The LHCD experiment during Run 2 of the LHC

reduced momentum precision at high momenta makes track reconstruction more diffi-
cult, as evidenced by the corresponding reduction in track reconstruction in long track
reconstruction p > 100 GeV/c efficiency in Fig.
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(a) Track momentum resolution. (b) Track reconstruction efficiency.

Figure 3.4: Performance of long track (see Fig. reconstruction in Run 2, taken from

Ref. .

Six types of tracks are reconstructed, five of which are shown in Fig. [3.5, with long
tracks, i.e., those which contain hits in the VELO and T1-T3 (and optionally TT),
being used in most analyses. VELO tracks are straight tracks formed of hits in the
VELO, which do not extend into other subdetectors, whilst those extending into the
TT are referred to as upstream tracks. Straight tracks solely in T1-T3 are referred to
as T tracks, with those which also can be extrapolated to the TT (but not the VELO)
dubbed downstream tracks, as these lie downstream of the VELO. Finally, muon tracks,
not shown in Fig. are simply long tracks which also extend into the muon stations.
The track reconstruction algorithm is discussed in more detail in Section

Magnet T1-T3/SciFi
TT/UT

VELO s Long track

T

Downstream track

Figure 3.5: Top-down schematic of the track types defined in LHCb adapted from
Ref. [61]. The upstream tracker (UT) and scintillating fibre (SciFi) tracker, employed in
Run 3, are introduced in Section [5.1.1l Muon tracks, not shown in this schematic, are
simply long tracks with hits in M1-MS5.

LHCb employs an iron yoke dipole magnet with an integrated field strength of 4 Tm to
deflect particles in the horizontal plane . The direction of deflection is periodically
reversed to minimise the impact of local asymmetries in the detection of particles. These
configurations are labelled as up and down polarities, based on the direction of the
magnetic field.
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The VELO is a silicon-strip detector placed around the beam at the IP, with the primary
purpose of resolving detached vertices . The VELO is formed of 25 semicircular
modules, arranged in layers in the left and right halves of the detector. The halves
can be moved toward/away from the beams, such that the modules are held at a safe
distance from the beams until the beams are declared stable, and can then be placed as
close as 7mm from the beams (the closest of any sub-detector at the LHC) to improve
the resolution of primary vertices (PVs) . This achieves a spatial resolution for
clusters of ~4 um nearest the beam (increasing linearly with radial distance) . The
consequent IP resolution, on which the selection of displaced vertices strongly depends,
is (15 +29/pr) um for pp in GeV/e [67], where the linear dependence on 1/pr arises
from multiple scattering . This is demonstrated, along with the resolution of PV
position, in Fig. Improvements in these resolutions between Runs 1 and 2 arise
predominantly from improvements in the reconstruction algorithm made to enable the
reconstruction to take place online, as discussed in Section [3.2.3]
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Figure 3.6: Track and vertex reconstruction performance, including comparisons between
datasets from Run 2 and the 2012 dataset, taken from Ref. .

A beam condition monitor (BCM) is installed to ensure the safety of the subdetec-
tors, in particular the VELO as the closest subdetector to the beam. The BCM consists
of two stations, each employing eight symmetrically-placed diamond sensors, situated
either side of the IP.

Tracking upstream of the dipole magnet is aided by the TT; tracking downstream of the
magnet is handled by T1-T3, each of which consists of an Inner Tracker (IT) and
Outer Tracker (OT) . The TT and IT lie close to the beam pipe and thus require
a fine granularity due to the high detector occupancy, achieved by their construction
of silicon strip detectors, which provide hit resolutions of ~ 53 wm, respectively . In
contrast, the OT is built as a drift-tube gas detector with a hit resolution of ~200 um .
Both the TT, IT and OT all consist of four layers, which are arranged in an X-U-V-X
geometry, where X signifies a layer aligned with strips/tubes aligned along the y-axis,
i.e., for optimally measuring positions in the = direction, whilst U and V signify layers
aligned at +5° and —5° from the y-axis, respectively. The U and V layers provide both
the z and y positions, which, when combined with the x positions measured by the X
layers and the known separation of the layers, can be used to reconstruct the tracks in
all 3 dimensions.

The combined performance of the tracking systems enable the reconstruction of detached
b-hadrons with a resolution on their invariant masses down to 8 MeV/c2.
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3 The LHCD experiment during Run 2 of the LHC

3.2.2 Particle identification and calorimetry

The LHCb physics programme depends upon high quality identification and calorimetry
of final-state particles, namely electrons, muons, charged light hadrons and photons. To
facilitate this, several subdetectors are dedicated to particle identification and calorime-
try. Two ring image Cherenkov (RICH) detectors measure the angles of Cherenkov radi-
ation emitted by charged particles passing through the detector. Calorimetry of hadrons,
electrons and photons is performed by the scintillating pad detector (SPD), preshower
(PS), electromagnetic calorimeter (ECAL) and hadronic calorimeter (HCAL). Finally, 5
muon chambers (M1-M5), placed furthest in the detector from the IP.

The RICH detectors are situated either side of the magnet, with RICH1 upstream and
RICH2 downstream providing coverage for low- and high-momentum particles, respec-
tively . As a charged particle passes through a material (radiator) of refractive index
n, it emits Cherenkov radiation in a cone of angle 6, given by

6 =cos* (5171) = cos™! <;r:l> , (3.1)

wherein the velocity 8 is approximated by 5 = p/m. Both RICH detectors are filled
with gas radiators and employ plane and spherical mirrors to focus the cones of photons
onto arrays of hybrid photon detectors (HPDs) . RICH1 uses a radiator of C4Fqg,
for which n = 1.0014, and is optimised for particles with momenta between 2 and
60 GeV/c. RICH2 uses a CF* radiator, with n = 1.0005, and is optimised for particles
with momenta between 15 and 200 GeV/c. The measured Cherenkov angles of muons,
pions, kaons and protons on the particle momentum are shown in Fig.

Cherenkov Angle (rads)

10°
Momentum (GeV/c)

Figure 3.7: Cherenkov angle in RICH2 as a function of track momentum, from Ref. .

The SPD and PS are scintillating pads separated by a lead absorber, such that electrons
and photons begin to form electromagnetic showers in the absorber . Electrons and
photons can be distinguished from one another as only electrons produce hits in both the
SPD and PS, whilst photons only deposit energy in the PS through the electromagnetic
shower. Charged hadrons leave hits in both the SPD and PS, but do not shower in the
absorber. A threshold on the maximum number of SPD hits is imposed in L0, such that
the busiest ~10% of events are removed, as these events would take disproportionately
longer for the HLT to process.

The ECAL and HCAL are both Shashlik calorimeters, with alternating scintillating and
absorbing layers, using lead absorbers in the ECAL and iron absorbers in the HCAL [75].
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These measure the deposited energy to resolutions of

OE 10%

E  VE

op  70%
E VE
respectively, where the first term corresponds to stochastic fluctuations in the particle

showers and the second, constant term corresponds to effects such as miscalibrations,
non-linearities and leakage [76].

® 1%, (3.2a)

& 10%, (3.2b)

The ECAL can also be used to recover bremsstrahlung photons emitted by electrons as
they traverse the detector. Upstream tracks are extrapolated to the ECAL, with any
neutral ECAL clusters of B > 75MeV which are compatible with the extrapolated
track then incorporated in the kinematics of the electron. This improves the momentum
resolution of electrons and reduces the long radiative left tail seen in distributions of
invariant masses containing an electron, e.g., in Chapter [l However, this method relies
on the bremsstrahlung photons being emitted within the detector acceptance and of a

sufficiently high Ev [77,[78].

The muon stations, M1-M5, are the furthest downstream subdetectors. Each of M2-M5
is formed of four concentric Multi Wire Proportional Chamber (MWPC) regions, R1-
R4, with increasing granularity towards the innermost region, R1. M1, the only muon
station to lie upstream of the calorimeter systems, is constructed similarly; however,
since the flux of particles upstream of the calorimeters is much higher, the R1 region is a
triple Gas Electron Multiplier instead of an MWPC . 80 cm iron absorbers are placed
between each of M2-M5, such that only muons propagate as far as M2-M5. Placing M1
and M2-M35 either side of the magnet allows for the L0 trigger to make selections based
on the momenta of muons, as these are deflected by the magnet.

The information from the particle identification subdetectors is combined and evaluated
for a given track against the possible particle hypotheses: K*, 7%, p, et and p*.
Likelihoods for each hypothesis are computed, taken as the product of the likelihoods
from the RICH, ECAL/HCAL and muon system information individually. PID variables,
PID; are constructed as the difference log-likelihood between each non-pion hypothesis
and the pion hypothesis, AL (i — 7).

An alternative approach is also taken, in which PID detector information and kine-
matic/topological information from reconstructed tracks are fed to a set of pretrained
Neural Networks (NNs), each of which provides a score on [0, 1] that a particle matches
one of the five identities given above or is a ghost, i.e., detector hits reconstructed as
tracks but with no real track present . These scores are referred to as the ProbNN
variables and, in contrast to PID;, these make direct use of the kinematic and topological
features of the tracks of interest.

The performance of the PID and ProbNN variables for kaon hypotheses is demonstrated
in Fig. in particular, their efficiencies and fake rates (the efficiency to select particles
which do not match the target hypothesis). In the case on Fig. the target hypothesis
is a KT, with the efficiency studied in kaons and the fake rate then studied in pions.
Both approaches enable efficient selections of each particle hypothesis and allow for clear
separations between them in analysis.
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Figure 3.8: Efficiencies and fake rates of PID; and ProbNNk variables at loose and strict
working points, as evaluated during Run 2.

Additional variables hasRich and isMuon represent whether a particle has corresponding
hits in the RICH or muon stations, respectively, whilst inEcal represents whether a
particle is within the acceptance of the ECAL.

3.2.3 The LHCDb data flow

The sheer volume of information produced by the detector readout at the bunch crossing
rate of 40 MHz is several orders of magnitude larger than can be feasibly processed
and recorded. As is standard practice for LHC experiments, a data-processing system
(trigger) is employed to reduce the data rate as efficiently as possible by identifying
events of interest, such that the processed data can be stored and further processed
offline [82]. Similarly, large quantities of Monte Carlo (MC) simulated LHC collisions
must also be processed, stored and distributed. The flow of data, both from the detector
and simulation, to the end user performing a physics analysis is shown in Fig.
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Figure 3.9: Schematic of the LHCb Run 2 dataflow from Ref. .

This trigger is split between the Level-0 (L0) hardware trigger and two software triggers,
High-Level Trigger 1 (HLT1) and 2 (HLT2) [62], as laid out in Fig. L0 must make
an initial reduction in rate of 40x, with the LO prompting the full detector to be read
out at a more manageable rate of ~1MHz. HLT1 performs a partial reconstruction
of events, making decisions based on selection algorithms applied to tracks and simple
vertices to provide a further reduction of ~9x to ~110kHz. HLT2 performs a full event
reconstruction, enabling more complex selection algorithms to be applied, resulting in a
final reduction of ~9x down to ~12.5kHz. Events passing HLT1 are stored temporarily
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on a 10 PB disk buffer before being processed by HLT2, with many events being used to
align and calibrate the subdetectors in real time

LHCb Trigger Run 2

( Bunch crossing rate }

¥ 40MHz

L0 Hardware trigger
high pr/Et signatures

‘ 1 MHz

[ High Level Trigger 1 ]

partial event reconstruction

110kHz
10 PB Alignment &

buffer Calibration
110kHz
[ High Level Trigger 2 ]

full event reconstruction

12.5kHz
Storage

Figure 3.10: Schematic of the LHCb Run 2 trigger systems from Ref. [62].

Software trigger

The LO hardware trigger must carry out a simple event selection at 40 MHz, relying
directly on subdetector information and simple muon tracks to reduce the event rate to
1MHz. LO is thus implemented entirely in field-programmable gate arrays, capable of
the required rapid decision-making. L0 selects events with high momentum muon tracks
or high transverse energy, Er, calorimeter clusters (2 x 2 cells in the ECAL or HCAL),
as these are typical of heavy flavour decays .

The former is used for the LOMuon and LODiMuon selections, whilst the latter is used for
the LOHadron, LOElectron and LOPhoton lines. The LOMuon and LODiMuon selections
require a single muon track and a pair of related muon tracks, respectively, with the
muon tracks required to have a pr above a given threshold. A distinction between
hadrons, electrons and photons is made using information of the SPD and PS, with this
distinction defining the LOHadron, LOElectron and LOPhoton selections. Events with a
high detector occupancy, which may be very slow to process in HLT1/2, are removed by
requiring that events for all lines except LODiMuon have fewer than 450 SPD hits. The
efficiencies of the L0 trigger selections in Run 2 in key channels of interest to the LHCh
physics programme are shown in Fig.

The events selected by LO are passed directly to the two stages of the HLT, which
are operated on the 1700-node Event Filter Farm (EFF) computing farm. The two
stages, HLT1 and HLT?2, perform a partial and full event reconstruction, respectively,
and apply requirements on the reconstructed objects, implemented in the Moore software
framework . This enables more granular selections than those applied in LO. These
selection algorithms, known as trigger lines, can be either inclusive, targeting a generic
signal such as a single muon with high pr, or exclusive, seeking specific signals such as
a D°— K7t decay.

HLT1 receives events from L0 at ~1 MHz, reconstructing VELO tracks, which are used
to form PVs and are also extrapolated to the remaining tracking stations. Long tracks are
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Figure 3.11: Efficiencies of the LO trigger selections on key channels of interest to the
LHCDb physics programme, taken from Ref. .

formed by applying pattern recognition algorithms to extrapolate VELO tracks to the
TT and T1-T3. These are then fitted using a Kalman filter to improve the momentum
resolution and remove some ghost tracks . This information is often sufficient to
select high-quality displaced tracks with high pr, which are likely to originate from b-
or c-hadrons. For example, the inclusive HLT1TrackMVA and HLT1TwoTrackMVA lines
(labelled HLT1(Two) TrackMVA throughout), which apply multivariate (MVA) classifiers
to identify high-quality long tracks displaced from the IP and a pair of such tracks
forming a high- quality vertex, respectively. The efficiencies of these lines in Run 2 are
shown in Fig. Events selected by HLT1 are written to a disk buffer of 10 PB at a
rate of ~110kHz.

The events written to the buffer by HLT1 can be used to align and calibrate the subde-
tectors during data-taking, providing accurate and up-to-date calibration constants for
the full reconstruction performed by HLT2. The number of events required to align each
subdetector varies, with the alignment and calibration timeframes of a typical LHC fill

laid out in Fig.

HLT?2 performs full reconstruction of events, starting with the reconstruction of charged
particle tracks, from which neutral particles are then reconstructed, and finally particle
identification is performed. HLT2 runs a mixture of inclusive and exclusive selections.
The primary inclusive selections are those of the topological b-hadron trigger, discussed
in more detail in Section which apply MVAs to the kinematic and topological
properties of b-hadron decay candidates, the efficiencies of which are shown in Fig.

The detailed selections enabled by the full reconstruction allow HLT2 to reduce the
event rate to ~12.5kHz, corresponding to a bandwidth of ~0.6 GB/s. To record more
events within the same bandwidth, the Turbo stream was introduced in Run 2, wherein
only the reconstructed signal candidate of a given event is recorded, rather than the
entire event; events recorded in full are instead saved to the Full stream. This approach,
commonly referred to as selective persistency, wherein events are recorded with reduced
event content, is schematised in Fig. In Ref. [62], the average size of a full event
was 48 kB, whilst the average size for a Turbo event was only 7 kB.

Samples collected for calibration, such as those of the PID/trigger response and track
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Figure 3.12: Efficiencies of HLT1TrackMVA and HLT1TwoTrackMVA on key channels of
interest to the LHCb physics programme, taken from Ref. .

reconstruction used in Section , are collected using the Turbo stream . Selection
algorithms intended to collect candidates for direct use in physics analyses were also
implemented for use with the Turbo stream, though these contributed only a small
fraction of the HLT2 output bandwidth.

Events saved to the Full stream are subject to an additional event reconstruction with
the Brunel software framework and further application of selections with the DaVinci
framework , saving the resulting data into Root NTuples . The application of
these additional selections, dubbed stripping, which are near to analysis-quality and
typically target a single signal or small group of related signals, reduce the sizes of sam-
ples provided for physics analysis . Additional detailed information about the event
can be included at this stage, e.g., the projections of particle positions into the HCAL
as discussed in Section An important input commonly included at this stage is
the information on surrounding particles in the event. As described in Section these
particles may be sufficient to infer the flavour of a b-hadron on production, necessary for
studies where the original hadron flavour must be known, such as time-dependent CP
violation measurements, e.g., in Refs. [32[91]. This inference, known as flavour tagging,
applies pre-trained NNs to identify either kaons, protons or pions in the vicinity of the
b-hadron of interest or another b-hadron decay in the event consistent with that of the
hadron formed from the corresponding b . As this relies on reconstructing and suc-
cessfully identifying the additional particles in the event, requiring tagging information
involves a notable reduction in statistics.

Monte Carlo (MC) simulations of LHC collisions are used extensively in both analysis
and detector development. Simulated samples contain truth-level information on the
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Figure 3.13: Alignment and calibration procedure for a typical LHC fill in Run 2, indi-
cating the points at which sufficient data has been accumulated for each process, taken

from Ref. .
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Figure 3.14: Efficiencies of the topological b-hadron trigger in HLT2 on key channels of
interest to the LHCb physics programme, taken from Ref. .

properties of each event, allowing for studies comparing the effect of reconstruction and
selection in channels of interest, e.g., in Sections & These studies often include
evaluation of differences between MC simulated and data samples, as complex properties
such as PID or trigger responses are non-trivially related to the fundamental properties
of the event and thus non-trivially related to effects from mismodelling. Additionally,
distributions of variables in MC samples can be used to provide templates to fits in

analyses, e.g., in Sections &

The simulation of events in the Gauss framework is discussed in detail in Ref. and
summarised briefly here. Pythia , is used to simulate pp collisions with an LHCb-
specific configuration , with the hadronisation and decay of, and radiation of photons
from the resulting particles propagated by EvtGen and Photos . The interaction
of these particles with the LHCb detector and subsequent detector response is simulated
by Geant4 . Boole is then used to digitise the detector response, including the LO
trigger. As in Fig. MC simulated samples are subject to the same data processing
as data read out from the detector. Since the true identities of simulated candidates are
known, the reconstructed simulated events can be compared to their true identities and
assigned a corresponding background category . By making requirements (known as
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Figure 3.15: Schematic of the Turbo event model, in which objects can be persisted as
needed, ranging from only the HLT2 candidate (top) to the full event (bottom), taken

from Ref. .

truth-matching) on this background category, MC simulated candidates can be filtered,
e.g., to select all candidates which are correctly reconstructed signal, or those which are
constructed missing a particle from the true decay chain.
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4 Measuring the time-integrated
untagged CP asymmetry of
B?— D_=w*t decays

Measurements of CP asymmetries can probe the existence of NP indirectly, as laid out
in Section [2.3l This chapter covers precisely such a test of the SM, measuring the decay-
time-integrated flavour-untagged CP asymmetry of B? — D7t decays, from which
a direct CP violating contribution to Af, (per Eq. can be extracted. . The
presence of such a contribution would indicate whether the b— cug anomaly, discussed
in Section is caused by NP.

This measurement, which is performed using 5.4fb~! of pp collision data recorded by
LHCb between 2016 and 2018, requires the asymmetry of BY — D;nt decays in the
data to be extracted and corrected for contributions from production and detection
asymmetries. To extract the asymmetry, the nature of contributions from B? — Dy n*
decays and a collection of background sources in the data must be understood in detail.
Similarly, determination of the production and detection asymmetries require a deep
understanding of the collider and detector effects at play.

The author is a proponent and contact author of this measurement (which is in internal
review within LHCb at time of submission), and has made significant contributions
throughout the work discussed in this chapter.

Note: since the submission of this work, the measurement described in this chapter has
been made public. For more details see Appendiz[A.1|.

4.1 Analysis strategy, samples and selections

The CP asymmetry Af, as given in Eq. in Section is time-dependent, vary-
ing with BY-BY oscillation. As such, measuring Af, would require knowledge of the
initial flavour of the meson, which can be obtained by means of flavour tagging (per
Section . However, since the effective tagging efficiencies for B?S) at LHCDb are
O (1%) [101}[29], such an observable is not experimentally favourable. Instead, the

flavour-untagged asymmetry, A3 ..., Which takes the form of Eq. is considered.

In the SM, B? — D_ 7" decays proceed only via the tree-level b— ctid transition. The
effect of an additional amplitude from a hypothetical NP process can be determined by
taking the amplitudes from Egs. & and their BY counterparts, removing
terms containing Ay and A? as BY — D;nt is flavour-specific [I@ Noting from
Eq. that |¢/p| =~ 1 — af,/2, this can be derived as

_ 2rsin (¢)sin (8) — ag; (1 + 27 cos (¢) cos (9)) Y (t)

untagged ~ 1+ 2r cos (¢) cos () — 2akrsin (¢) sin (§)Y (¢) (4.1)
wherein Y () is given by
__ ) 1, cos(Amg)
Y(t)—f+(t)+f_(t) 5 (1 cosh(qut))' (4.2)
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Measuring the decay-time-integrated equivalent, (A®

Sntagged) this integrated over ¢ to
give

(A )~ 4rsin (¢) sin (6) — af, (1 — pg) (1 + 27 cos (¢) cos (9))
untagged’ ™ 9 (1 4 27 cos () cos () — all (1 — py) rsin (¢) sin (8))
~ Aglr Ty (1 - Pq) (43)

where we have used the fact that both  and afare small, and wherein py describes the
relative oscillation frequency,

AFS

FZ
pq—/Y F2+A ; =~ 0.001 (4.4)

On this basis, the sensitivity to A, is reduced by a factor of 1/2, though still significantly
greater if flavour tagging were to be applied. From <Afmtagged>, it is therefore possible
to infer the presence of a general NP contribution in a model-independent way, as en-
capsulated in Aj;.. Given the precision of current constraints on af,, a measurement of
(Auntagged> of O (10~ 2) would provide evidence for a BSM explanation of the b — cug

anomaly .
As in Ref. , (

S .
untagged> can be expressed as a sum of asymmetry terms:

[ e Tst cos (Amt)e(t) dt
[ e~T'st cosh (%)e(t) dt’

l
prod.

<Af1ntagged> = Araw — Adet. — Aprod (45)

where Araw, Ader. and Aproq. are the raw, detection and production asymmetries.

The raw CP asymmetry is measured between BY — D;7T+E| decays to Df 7~ and D7,
defined as
N(Dfr™) = N(D;n™")

Araw -
N(Din~) + N(Dgnt),

(4.6)

for observed yields N(Dfx¥). This can be extracted from the data by means of a
negative-log likelihood (NLL) fit to the hhzn7 invariant mass, discussed in Section

The inherent CP asymmetry in detecting the final-state particles, Aget., can be estimated
by considering the individual asymmetries effects in the detection, reconstruction and
selection of final-state particles, studying these in MC simulated samples, using reference
samples and calibration tables to determine these, discussed in Section [4.4. As the
final state is charge symmetric, contributions to the detection asymmetry should largely
cancel, especially in the h™h~ pair. The 7t of the BY and 7~ of the D} have significantly
different kinematics and so such effects are unlikely to cancel completely.

The inherent CP asymmetry between the production of the B and BY in pp collisions,
Aprod., discussed in Section has previously been measured in B? — D7t decays
from /s = 13 TeV pp collisions as (—0.31£0.32)% in Ref. [29], though this is washed out
further by the rapid BY-BY oscillations, quantified by a factor which can be numerically
computed from the decay time acceptance function (also given in Ref. ), discussed
in Section

!Charge conjugation of decays is assumed henceforth, except where explicitly stated otherwise.
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4.1.1 Data samples and trigger selections

The measurement of (Afmtagged> described here uses the dataset of pp collisions recorded

by LHCb between 2016 and 2018, corresponding to an integrated luminosity of 5.4 fb~!.
The integrated luminosities of the constituent years of data-taking in each magnet con-
figuration are listed in Tablein Appendix . The large sample of B — D, 7t decays
collected during Run 2 was notably used to achieve the highest precision measurement
yet of the BO-BY difference, Amy [29].

Firstly, LOHadron is required to trigger on (TOSEI) any of the final-state particles in each
candidate. At HLT1, either of the lines HLT1TrackMVA or HLT1TwoTrackMVA, is required
to trigger on the BY candidate. No HLT2 requirement is applied offline; however, the
stripping lines BO2D{K ,Pi}D2HHHBeauty2CharmLine used to produce the samples require
that either HLT2TopoTwoBody or HLT2TopoThreeBody triggers on the BY candidate. The
decay is reconstructed by first combining three long tracks to form a good quality vertex
(that of the DF), and then attaching another long track with a 7% mass hypothesis to
form another vertex (that of the BY) which must be displaced from the PV.

Both of the dominant hadronic decay modes of the D are studied in the analysis:
D; - K- K*r~ and Dy — n~n"n~, with the measurement performed independently
in each mode. The tracks can therefore be assigned either the K Knm or mwmm mass
hypothesis. As a convention, the 7 produced in the B? decay (the 7% in h=hTn—7") is
referred to throughout as the associated pion (labelled 7 Bg), whilst the hadrons produced
in the D — hTh™ 7t decays are referred to as the (D, ) daughter hadrons.

No distinction is made on how each Dy — h~hT 7~ proceeds: in D; — K~ K7™, the
primary contributions are the decays via ¢ — KK~ and K** - K~x*, and the non-
resonant mode; in Dy — 7~ 77, these are decays via fo (980) — 77~ and the non-
resonant mode. Windows in the invariant masses of opposite-sign pairs of D daughter
hadrons are used throughout the analysis. The windows associated with the ¢ and K*°
are taken to be m(KTK™) € [980,1080] MeV/c? and m(K*7~) € [825,950] MeV/c?,
respectively. As two opposite-sign 777~ pairs can be formed in the Dy — 7~ 7t7~
mode, a meaningful distinction between the pairs can be made by taking the pair with
the smaller invariant mass as m(7"7~),  and the pair with the larger invariant mass as
m(7r+7r*)high. As the f( (980) can produce either 777~ pair, the corresponding window

is taken as m (7 77)), i, = [930,1010] MeV/ c2. The square invariant masses of the
two hth™ pairs of each D decay can be plotted against one another to visualise the

phase-space of these three-body decays [103], as is shown later in Fig. [4.1]

MC simulated samples of B? — D7 7% decays and the background contributions de-
scribed in the following section were produced for this analysis. These samples are sub-
ject to the same online data processing and stripping as the data samples, in addition to
truth-matching requirements which ensure that the B — D; 7" samples contain only
signal and that the background samples contain their respective type of background, as
laid out in the next section.

4.1.2 Background contributions

In reconstructing and selecting BY — D7t decays, candidates may arise from sources
other than the decays of interest. For example, the D or B composites may be

2For a full discussion of how this is defined, see the discussion of the TISTOS method in Section
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constructed using particles originating from the pp collision or from other decays (com-
binatorial backgrounds), the identity of final-state particles may be incorrectly assigned
(misidentified background), or the D or BY composites may be constructed from de-
cays where one or more particle is missing in the reconstruction (partially reconstructed
background). The background contributions affecting this analysis, namely those which
result in candidates with a hh7rm invariant mass in the vicinity of the BY mass, are
summarised in Table and discussed in more detail below.

Table 4.1: Summary of background contributions which may enter the hhmm invariant
mass distributions, and the sources by which they arise. Contributions marked % and
T are proven not present in (see Section and removed entirely (see Section
from the data samples, respectively.

Background Category Source

Multiple candidates’ Reconstruction Alternative valid reconstructions

Random hh ot originati
Combinatorial Combinatorial o CO™ . 7T Dot originating
from a B; or D

Correct hhmm, but hhm not

originating from a D

Charmless*

Track . Misidentified D, mistakenly constructed using
rack-swa
P composite  the real associated 7"

article Correct hhnm, proceeding via D, but
B~ Din- P , e S
coming from B" instead of B,

Correct (or misidentified) hhn,

B — D* gt )
from incorrect c-hadron

B~ DK+ Associated K1 misidentifed as 7
Misidentified Misidentification of 7+ as K
B~ D=7t final-state in Dy - K- K*n~ or K~
particle as 7 in Dy — -t
Ty - Misidentified p as KT
T _
b in A7 — pKtr
Missing 7° in D}~ — D; 7°
BY— D=7t Partially . &7 N s
orvin Di=— Dy
5 — reconstructed — I —
B;— D.p Missing 7 in p" — 77

Firstly, from the four (three) long tracks combined to form the BY (DJ) composites,
there can often be several valid reconstructions within the same event, especially when
considering that there may be multiple ways to assign the hhnm (hhm) mass hypoth-
esis, e.g., whether the same-sign long tracks of the D} candidate are assigned as K+
or m+, or vice versa, for the K K7 hypothesis. Therefore, it is entirely possible that
the same candidate may be reconstructed more than once, and that these candidates
may pass the online and offline selections. This background is primarily suppressed by
imposing requirements on PID and ProbNN variables, though truly removing this back-
ground involves ensuring that each event number in the sample corresponds to only one
candidate.

Combinatorial backgrounds are caused by the combination of particles from other sources,
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either in constructing the Dy or the BY as a whole. No peaking structures are antic-
ipated from combinatorial backgrounds in the hhmm invariant mass. A D mass peak
arises in the hhm invariant mass distribution for combinatorial background events con-
sisting of a real Dy — h™h*n~ decay with a random 7+ attached, whilst no such peak
arises if the tracks forming the D_ candidate do not originate from the same real D .

Charmless background arises from the correct reconstruction of decays of BY to hhrm
without proceeding via a c-hadron resonance, which then appears as a peaking structure
in the hhmm invariant mass, whilst appearing combinatorial-like in the hhm invariant
mass. Likewise, B’ — D}~ can contribute, as these decays are reconstructed correctly
and proceed via D ; however, the original b-hadron is incorrect, resulting in a peak of the
same shape as the signal peak, but centred around the BY mass rather than the B? mass.
The hhrm can also be combined incorrectly, such that the associated 7" is mistakenly
used to form the D; and a 7" from the D; is assigned as the associated pion, though
this typically only arises if the mistaken pions are kinematically similar. Similarly, the
decay B — D*~nt(wherein D** — D%rtwith D - K~ K*or D’ — 7~ 7t) produces
the correct final-state particles, albeit proceeding from the wrong b-hadron and via the
wrong c-hadron.

The misidentification of final-state hadrons introduces several possible background con-
tributions, wherein decay channels containing other final-state particles may enter. Of
particular interest to this analysis are the misidentifcation of the associated K~ in
BY— D7 K™ as a ", the misidentification of the 7" in the D~ decay of B — D~ n"
as a KT, and the misidentification of the p in the Al decay of A) - A 7" as a K.
These contributions appear as skewed distributions in the hhmm invariant mass, shifted
below or above the mass of their b-hadron depending on the misidentifcation involved,
e.g., BY— Dy K™ is shifted below the BY mass as the 7t assigned in place of the K+
has a lower mass. As these shifts are typically below O(100MeV), the contributions
overlap significantly with B? — D7t in the hhrm invariant mass spectrum, and can
thus be difficult to disentangle. BY — D*~mTcan also enter again similarly, as the D
decays as DY — K~7t (more abundantly than as D - K~ K*or D° — 7= 7%) and
the misidentification of either the 7™ as a K™ or K~ as a 7~ for the K K77 and mnnm
final states, respectively. Misidentification of e* as h* and misidentification of multi-
ple final state hadrons are not considered in this analysis as these contributions can be
suppressed to a negligible level by requirements on particle identification information.
Similarly, misidentifcation of pu* as h* is not considered as requirements on particle
identification information and the response of the muon system can efficiently exclude
such contributions.

Finally, since the final state of interest is hh7mm, no neutral particles are included in the
construction of candidates. Thus, decays containing the correct final-state hadrons but
also containing additional neutral particles, such as B — D*~nt (wherein D~ — D;y
or D!~ — D;7%) and BY — D;p" (wherein p* — 777%), are reconstructed without
the full decay products. These partially reconstructed backgrounds typically appear as
peaking structures below the B? mass in the hhm7 invariant mass distribution, as they
lack the additional energy of the missing particle(s).

Whilst the selections enforced in the trigger suppress background significantly, further
selections must be applied offline to improve the signal purity of samples. Requirements
on the kinematics and topology of the B? and D; candidates can suppress combina-
torial and charmless backgrounds, whilst requirements on PID or ProbNN variables of
the final-state hadrons may suppress misidentified backgrounds. Suppressing partially
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4 Measuring the time-integrated untagged CP asymmetry of B?— D7t decays

reconstructed background efficiently is usually non-trivial, though windows in the hhmm
and hhrm invariant masses can often reduce or exclude these.

Requirements targeting specific backgrounds, commonly referred to as vetoes, can also be
imposed. These are applied when a background component can no longer be suppressed
further by a global selection without significant reduction of the selection efficiency on
signal.

4.1.3 Offline selection

To mitigate the backgrounds discussed above, a cut-based selection is applied offline
to the candidates passing the trigger selections and constructed by the stripping lines.
These selection requirements are summarised in Table and discussed in detail below.
The hhmw and hhm invariant masses, and a Dalitz plot of the hhm system of the selected
events are shown in Fig. Unlike many measurements in B?S) — DE:)) “hT decay
channels, no MVA-based selection is applied here to remove combinatorial background,
as the requirements made in Table are sufficient and quantifying the effect of such a
classifier on A;w would be non-trivial.

Table 4.2: Summary of selection requirements.

Final state Selection Requirement
LOHadron TOS on any h*
Trigger HLT1 (Two) TrackMVA TOS on BY
HLT2Topo{Two, Three}Body TOS on BY
Stripping B02D{K,Pi}D2HHHBeauty2CharmLine
Unique candidates Duplicate candidates per event discarded

m(hhwr) € [5280,6000] MeV
m(hhr) € [1939,1999] MeV

Mass windows

Both ProbNNk > 0.6
ro > 0. for Ki
ProbNNpi < 0.4
Particle ProbNNk < 0.4 f +
. _ or Moy -
identity ProbNNpi > 0.6 sos
hasRich = 1 for h*
isMuon = 0 for h*
HCAL separation ducar, > 1000mm for all hh pairs
ProbNNk > (.8
Particle identity in o for K+
ProbNNpi < 0.2
non-resonant ProbNNpi > 0.8
ro i .
KKnrm phase-space P for 7%,
ProbNNk < (.2 s
m(KtK™) ¢ [1830,1890] MeV
o+
BO—y D=t veto m (K~ 7p, ) #[1834,1894] MeV
m (7 mhy[as K¥]) ¢[1834,1894] MeV
S m(7r_7r+)high. ¢ [1834,1894] MeV
Particle identity in ProbNNpi > 0.8 for =t
non-resonant phase-space ProbNNk < 0.2 Ds
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Figure 4.1: Distributions of hhmm and hhm invariant masses, and Dalitz plots of hhm
phase space in the 2016-18 dataset, following the application of the selection requirements
listed in Table[4.2 The K K7w (rmrr) final state is shown on the left (right). Windows
around the ¢ and K*? in the Dy — K~ K7~ mode and f; (980) in the Dy — 7~ 77w~
mode described in Section [4.1.1] are overlaid as dashed lines.
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4 Measuring the time-integrated untagged CP asymmetry of B?— D7t decays

Firstly, each event is required to correspond to only one candidate. Of the events selected
by the requirements discussed below, (0.474 £ 0.033) % and (2.421 4+ 0.068) % of events
correspond to more than one candidate in the K K7 and mnww datasets, respectively.
These must be removed, else events will, in effect, be counted twice. For candidates
with the same event number within the same sample, all but one of the candidates per
event number are removed at random. A similar requirement can also be imposed to
ensure that the samples of the two final states are mutually exclusive: any candidates
in the wwwm sample with event numbers appearing in the K K7 sample are removed,
as DY — K™K~ m" has a greater branching fraction.

Firstly, the reconstructed candidates are required to lie within invariant mass windows
of m(hhrm) € [5280,6000] MeV and m(hhn) € [1939,1999] MeV, i.e., the vicinity of the
BY and D/ invariant masses respectively. The former is chosen, to have a lower limit
excluding the BY — D pT background and an upper limit providing sufficient combi-
natorial background to perform the invariant mass fit described in Section stably.
The latter is taken as 30 MeV/c? either side of mp+ (reported as (1968.35 + 0.07) MeV/c?
in Ref. [5]), as the D, peak in the hh7 invariant mass distribution has a resolution of
approximately ~7 MeV/c? (see Fig. . This rejects candidates with an Ahs invariant
mass which is unphysically high or low.

Further to the loose requirements on particle identity metrics made at the HLT2, addi-
tional requirements are made to the ProbNNpi and ProbNNk scores (see Section |3.2.2)
of each final-state particle. All final-state 7% (K*) are required to have scores of
ProbNNpi (ProbNNk) > 0.6 and ProbNNk (ProbNNpi) < 0.4. As the signal purity is
inherently lower in the non-resonant regions of the D} — h™h~ 7" phase space, stricter
requirements of ProbNNpi (ProbNNk) > 0.8 and ProbNNk (ProbNNpi) < 0.2 are applied
to each 7 (K¥) in these regions, i.e., outside the resonance windows described in Sec-
tion 4.1.1l Each final-state particle is also required to have a corresponding response
in the RICH subdetectors and no response in the muon systems. All possible pairs of
final-state particles are required to be separated by at least 1000 mm in the HCAL, or
for either/both of the hadrons to lie outside the HCAL acceptance, to enable accurate
estimation of the LOHadron efficiency, discussed in more detail in Section 4.2]

The selections discussed thus far generally provide adequate suppression of most back-
grounds; however, vetoes are still considered to mitigate some backgrounds such as that
of BY— D* .

Considering the backgrounds listed in Table the hhmm and hhm invariant mass
windows are already sufficient to entirely exclude the B® — D~ nt and /12 — A7t
backgrounds in the mr7n final state, and the B? — D pt background, as demon-
strated in Fig. Examining MC simulated samples of BY — D pT decays, only
(0.196 £ 0.010) % of candidates fall inside the hhmm window. These windows also remove
the more complex structures of the BY — D*~ 7% component in m(hhn7), with only the
furthest right tail (which, as demonstrated later in Section can be modelled by a
standard peaking structure) falling within the window. In MC simulated B — D*~x+
decays, (4.396 4 0.045) % of candidates lie within the hhnm and hhr windows.

Whilst vetoes on B®— D~ and A) — A_ 7" were considered in the K K7 final state,
e.g., applying stricter ProbNN requirements for candidates with a K K7 invariant mass
lying near to the AT mass when the K is assigned the p mass, these backgrounds can be
modelled accurately from MC simulated samples and thus were not suppressed further.
Not employing vetoes against these background processes ensures that sufficiently many
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4 Measuring the time-integrated untagged CP asymmetry of B?— D7t decays

events are present in the samples for these to be reliably separated from BY — Dyn+
decays.

The BY — D* ntbackground, which appears as peaking structures around the B® and
D*~ masses in the hhmm and hhw invariant masses, respectively, is not excluded by the
invariant mass windows, with the left-hand tail of the peak in hhm extending below
the upper limit of the hhm window. However, unlike the signal, this background must
proceed via a DY — h~htresonance. A veto can therefore be constructed targeting
the D°, in the form of exclusion windows of 30 MeV either side of the D° mass in the
invariant masses of opposite-sign pairs of final-state hadrons, as was applied in Ref. .
Such windows were investigated for both the standard mass hypotheses and, in the cases
of Kt K~ and 77~ pairs, with one of the particles assigned instead a 7% or K* mass
to target misidentified D° — K~7". The most effective windows, i.e., those employed
in the analysis, are m (KK ™) ¢ [1830,1890] MeV and m(K 7" o) ¢ [1834, 1894] MeV
for the K Knr final stat and windows of m(r~ 7+ po[as K]) ¢[1834,1894] MeV and
m(ﬂ-_ﬂ-—’—)high. ¢ [1834,1894] MeV for the mam final state.

4.1.4 Studies of possible remaining backgrounds

Following the offline selection, the only backgrounds listed in Table not directly
addressed are the charmless and track-swap contributions. These contributions are not
vetoed or modelled as they are assumed to be suppressed to a negligible level by the
global offline selection requirements, though they must be studied further to validate
such assumptions.

Firstly, the charmless background, is studied by examining the upper D sideband,
i.e., the region of the hhm invariant mass distribution above the window applied in the
selection, taken here to be m(hhmw) > 2010 MeV. In this region, the only contributions
to the m(hhn) which would be expected to peak would be BY — D*~x*(for both
final states) and AY — A 7t (for KKrr), as these both involve a three-body hhw
intermediate with a mass greater than that of the Dy, though neither peaks at the BY
mass in m(hhrr). A key difference between the charmless background component and
signal is that, whilst the long lifetime of the D in signal ensures that the reconstructed
vertex of the hhm system is detached from the BY vertex per Section no such
separation of the reconstructed hhr vertex from the BY vertex is present for the charmless
background. This can be quantified using the flight-distance significance,

_ zvtx.(D;> - thx.(Bg)
\/ngtx.(Ds_) + O—gvtx.(Bg)

where zytx and o, are the central value and error, respectively, on the distance of
a given vertex from the interaction point along the collision axis. Plotting m(hh7r)
with no FDgjs requirement, with FDg, > 2 and with FDg, > 9, as shown in Fig.
the only peaking structures observed were the two anticipated decays, both of which
were removed when enforcing a FDg;,. requirement. It was therefore concluded that no
charmless background contributions passed the offline selection.

FD.e (D)

s

; (4.7)

Considering now the contribution of track-swap background, hhm invariant mass combi-
nations were formed in which the associated pion is used in place of one of the hadrons,
as shown in Fig. [4.4. In most cases, the entire m(hhm) distribution lies far above the

3The m(K K _) window is placed 4 MeV lower than the other windows as the left-hand tail of the D°
peak is larger in m(K+K_).
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Figure 4.3: hhnm invariant masses of candidates with m(hhm) > 2010 MeV, subject to
varying requirements on D] flight distance.

D~ and D masses; in the cases where candidates fell within this region, no peaking
structures were observed, indicating that no candidates contained events wherein the as-
sociated pion originated from a D~ or D . It was thus concluded that the contribution
of track-swap background is also negligible.

4.1.5 Replication of selection on MC samples

MC simulated samples of BY— Dy 7+ and the remaining background contributions are
used to model the components of the hhn7 invariant mass distribution, discussed in Sec-
tion and evaluate efficiencies and asymmetries, discussed in Section &
respectively. To fulfil these purposes, the offline selection applied in Section must
be replicated on MC samples. Kinematic and topological variables, such as the hhnm
invariant mass, are sufficiently faithfully reproduced in MC simulation that selection
applied to these variables in data may also be applied directly in the MC samples. This
is the case for the invariant mass windows, B® — D* 7 veto and HCAL separation
cut. The PID and LO trigger responses, which have complex relations to the properties
of each particle, are not necessarily faithfully reproduced in MC simulation, and thus
cannot be applied directly. Instead, the per-event efficiencies of the PID and L0 require-
ments, described in Sections & [4.2.3] respectively, are assigned as per-event weights
in the MC samples.

4.2 Estimation of efficiencies

The efficiencies of kinematic selection, PID and LO trigger requirements, and long track
reconstruction must be understood in this analysis, as these are used for two purposes.
Firstly, these efficiencies are required to construct the model of the hh77 invariant mass
used to determine A;ay (described in Section : the kinematic selection and PID
efficiencies are required to determine the yields of background components from the
BY — Dyt yield; the PID and LO trigger efficiencies are incorporated as per-event
weights in the MC samples to which template PDFs are fit (see Section [4.2.5)). Secondly,
all four efficiencies, split separately on the final state charge, are required to evaluate
their respective contributions to the detection asymmetry in Section Note that
only the single-pion tracking asymmetry is determined directly from the corresponding
efficiencies, hence only the pion tracking efficiency is discussed here. As each of the
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Figure 4.4: Invariant masses of the combination of the associated 7+ with each pair of
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efficiencies arise from different sources, the efficiencies can be computed independent of
one another, e.g., the trigger efficiency may be reliably estimated in a sample in which
the effect of PID requirements is not accounted for. The HLT1 efficiency is not included
here as imposing the requirement of HLT1(Two)TrackMVA triggering on the BY removes
only a handful of events, implying an efficiency of effectively 100%, given the offline
selection and vetoes applied.

4.2.1 Kinematic selection efficiencies

The kinematic and topological properties of B? — Dy 7% decays are typically well-
modelled in MC simulated samples. The efficiencies of kinematic selection requirements,
i.e., the invariant mass windows, HCAL separation cut, and B° — D*~rtveto, can
therefore be calculated directly. Each efficiency is given by the fraction of MC candidates
passing the selection:

Npass

_ 48
Ntotal ( )

Esel. =

Whilst the HCAL separation requirement is imposed to enable the reliable estimation of
L0 efficiencies, per Section it is not accounted for in the L0 efficiencies themselves
and thus must be accounted for in £4.;.. The separation of each pair of final-state hadrons
in each final state, that is, the distance between the projections of each of the final-state
hadrons in the (x,y) plane of the HCAL, are shown in Fig. A large fraction of the
pairs lie below the threshold of 1000 mm; the like-sign pairs of hadrons originating from
the D decays have the smallest separations. This is unsurprising as these hadrons are
kinematically similar due to their common origin and are deflected in the same direction,
hence these are likely to occupy nearby regions in the HCAL.
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Figure 4.5: HCAL separation of each pair of final-state hadrons.

The efficiencies of the kinematic selections are computed in MC samples of BY — D7
decays for D} — K*K~nTand Df — ntn~ 7", reflecting each year and magnet polarity
of data-taking. The combination of these efficiencies weighted by the luminosity of their
respective data-taking years and magnet polarities are listed in Table

As anticipated, these efficiencies is largely dominated by the HCAL separation cut. In
each final state, these efficiencies are in extremely good agreement, as is discussed further
in Section
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Table 4.3: Efficiencies of kinematic selections, calculated with and without distinction
on final-state charges.

Efficiency / %
hth ntm™ h=hTr—mt
KKnmr  24.067 £0.021 24.052 4+ 0.021
rorm 23.949 +0.081 23.937 4+ 0.081

Final state

4.2.2 PID efficiencies

The quality of the ProbNN variables in MC simulated samples has a strong and com-
plex dependence on the accuracy with which the interactions of final-state particles with
the PID subdetectors, and their subsequent responses, are modelled. It is therefore ex-
tremely difficult to reliably extract efficiencies of PID requirements from MC in the same
manner as those described in Section [4.2.1 Instead, a data-driven approach provides
access to the PID efficiency without reliance on the accuracy of modelling in MC sim-
ulation. A standardised data-driven approach has been developed for estimating LHCb
PID efficiencies in which reference tables are produced from dedicated calibration data
samples in channels such as D** — D%zt for a given set of PID requirements, which can
then be applied to MC (reference) samples, implemented in the Python-based common
software tool PIDCalib2 . The D** — D%r*tcalibration samples are selected with-
out PID requirements on the D° — K ~nT decay products, with the 7T of the D** used
to tag the flavour of the D°, and thus the identities of the K~ and 7. The efficiency of a
given PID requirement on the K~ /7" can then be evaluated per Eq. specifically, in
bins of the K~ /7t kinematics (typically p and 1) with the calibration sample weighted
such that it is kinematically similar to the reference sample. To obtain the number of
signal events in the calibration sample before and after the PID requirement is applied,
NLL fits to m(K ~ ) prior to applying the PID requirement are performed and the sPlot
method applied to obtain per-event sWeights which subtract contributions from
combinatorial background. The sums of these events in each bin with and without the
PID requirement provide the per-bin total and passing yields, respectively, from which
the per-bin efficiencies are computed to produce a reference table.

To compute an efficiency for the whole candidate, the per-particle efficiencies of each
final-state hadron are determined and the product of these taken:

€p1D(h+h77T+7T7) = €pID(h+) . é‘pID(hf) . é‘pID(T['Jr) . EPID(ﬂ'i). (49)

As two different PID requirements are applied for candidates in the resonant/non-
resonant regions of the D¥ — hh~7" phase-space (per Section [4.1.3)), the BY — D7+
MC samples are split by phase-space region. In each phase-space region, the efficiency
of the respective PID requirement is evaluated for the MC samples corresponding to
each year and magnet polarity of data-taking, both per charge-conjugate final state and
with no distinction on final state. Efficiencies per year/magnet polarity are combined
by according to their luminosity; efficiencies per region are combined according to the
yields of BY — D7 7T obtained from invariant mass fits (per Section to subsamples
of the data samples in the respective DI — hth~ 7" phase-space regions.

The charge-specific and charge-agnostic efficiencies for each phase-space region, com-
bined over the data-taking years and magnet polarity, and their combination are listed
in Table
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Table 4.4: Efficiencies of PID requirements, calculated with and without distinction on
final-state charges.

Final Phase-space Efficiency / %
state region hth=ntns~  h hTn w*
Non-resonant 27.036 4+ 0.082 27.056 £ 0.082
KKnr Resonant  42.588 4+ 0.058 42.564 + 0.058
Combination 40.050 £ 0.050 40.030 = 0.050
Non-resonant 34.33 +£0.20  34.30 £+ 0.20
TR Resonant 53.99 +£0.40 53.86 £+ 0.40
Combination 42.68 £0.21 42.61 +0.21

The efficiencies of the requirements on ProbNNk and ProbNNpi are relatively similar
between the two final states. As expected, the efficiencies outside the resonant regions
are notably lower; however, this is deemed to be necessary to provide an improved signal
purity for non-resonant candidates. The greater fraction of resonant candidates in the
K K77 final state (shown in Fig. is reflected in a combined efficiency much closer to
the efficiency for resonant candidates than in the w7r final state. As for the kinematic
selection efficiencies, the PID efficiencies are in very good agreement between charge
final states, as discussed later in Section [4.4.2]

4.2.3 LO trigger efficiencies

Similarly to the PID requirements, the response of the L0 trigger, or more specifically
LOHadron, cannot be reliably obtained from MC, as it depends on the modelling of the
interactions of hadrons with the HCAL, ECAL, SPD and PS. The LOHadron efficiency
must also be estimated by a data-driven method. The D*t — D%z calibration samples
recorded for PID efficiency determination are used to access the efficiency of LOHadron.
Examining the K~ and 7t of the D — K7t decay individually, requirements are
imposed that each hadron has fewer than 450 corresponding hits in the SPD and that
the LOMuon trigger line fires independently of (TIS, discussed in Section the hadron.
This ensures that these samples are statistically independent of whether LOHadron has
triggered on said hadron. The LOHadron efficiency is then constructed as the fraction
of these candidates for which the LOHadron triggers on the hadron of interest. As for
the PID efficiencies, per-event sWeights are obtained from fits to m(K ~7), and used to
obtain yields in bins of hadron Er (rather than py, as this is the quantity measured by
the HCAL) before and after requiring LOHadron to trigger on the hadron computed by
fitting to m(K ). These efficiencies are computed separately for the decays of D**
and D*~, and for hadrons in the inner and outer regions of the HCAL.

This approach works well if the final-state hadrons are well separated in the HCAL;
however, if two (or more) final-state hadrons deposit energy sufficiently close together,
the energy deposits are merged and the LOHadron efficiency is subsequently higher. To
account for this, efficiency tables are computed solely from K~ 7 pairs with a separation
distance, d, i.e., the distance between their projections onto the HCAL (z,y) plane, of
at least 1000 mm, with both final-state hadrons within the HCAL acceptance. At this
separation, the effect of merged energy deposits is negligible.

These efficiencies are extrapolated to poorly-separated hadron pairs and pairs with one
or both hadron outside the HCAL acceptance by a parameterisation of the efficiency.
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4 Measuring the time-integrated untagged CP asymmetry of B?— D7t decays

This parameterisation is defined as a function of the fraction of tracks which do not
extend to the HCAL, the Et of the K~ and 7", and the calibration of the HCAL in
each cell. This provides efficiencies for pairs partially within the HCAL acceptance ap-
proximately consistent with the least well-separated pairs passing the separation cut,
i.e., those separated by ~ 1000mm. However, for poorly separated pairs of hadrons
(d < 1000 mm), the LOHadron efficiency increases rapidly. As this rapid increase would
enhance the effect of any inaccuracies on the LOHadron efficiencies, and by extension
the LOHadron contribution to Aget. discussed in Section [4.4.3], candidates containing any
poorly separated pair of hadrons were rejected. This requirement has a low signal ef-
ficiency (see Table , respectively, per Table but is essential if the efficiencies of

and asymmetries due to LOHadron are to be accurately estimated.

As candidates are accepted if LOHadron triggers on any of the final-state hadrons, i.e.,
candidates are rejected only if LOHadron triggers on none of the final-state hadrons, the
per-event efficiency can be computed from per-particle efficiencies as

eroros =1 [] (1 - é?io,Tos) . (4.10)

(2

This differs from the equivalent for the efficiency of the PID requirements, in Eq. as
all, rather than any, of the hadrons must pass the PID requirements.

The full approach described above is implemented in a Python-based common soft-
ware tool, LOHadronTables ,, which applies the efficiency reference tables per
year /magnet polarity of data-taking to MC simulated signal samples. This tool is applied
to the BY— D77+ MC samples reflecting each year and magnet polarity of data-taking,
with the efficiencies (combining across year and magnet polarity according to respective
luminosities) listed in Table It is particularly important that these are computed
per data-taking year, as the Et thresholds in the L0 trigger were modified each year, as
reported in Ref. .

Table 4.5: Efficiencies of LOHadron, calculated with and without distinction on final-

state charges.

Final Efficiency / %

state  hTh rntn~ h=hta—nt
KKnr 39.0610 4+ 0.031 39.193 £+ 0.031
mrrm 41.54 +£0.12 41.54 +0.12

Similar to both the kinematic selection and PID efficiencies, the LOHadron efficiencies
are of a comparable scale between final states. Notably, the charge-specific efficiencies
evaluated in KK~ ntn~ and K~ KTn 7" are not in agreement, as discussed later in

Section [4.4.3l

4.2.4 Single-pion tracking efficiencies

The efficiency to reconstruct the trajectories of charged pions as long tracks is required
to evaluate the contribution of differences in these efficiencies for 77 and 7~ to Aget., as
described in Section [4.4.4. This can be (and traditionally was) evaluated, to a reason-
able accuracy, from MC simulated samples akin to the method applied in Section [4.2.1]
However, the systematic uncertainties assigned to these efficiencies from differences be-
tween data and MC proved to be large in early LHCb measurements . A data-
driven method was therefore developed to circumvent these effects, in which muons
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from J/ip — ptp~ decays reconstructed as tracks of given types (per Fig. in Sec-
tion are compared to estimate the efficiency to reconstruct VELO, T and long
tracks, as described in Ref. . This method assumes that the track reconstruction
of hadrons differs from that of muons only by their interactions with the detector ma-
terial, and that these effects factor out from these efficiencies. As these interactions are
assumed to be charge-symmetric (to the scale of O(107%) for pions ), and as only
the charge-dependent effects in the long track reconstruction efficiencies are of interest
here, these effects are neglected and assumed to cancel in the contributions to Aget.in
the mmrw final state.

To determine the efficiency to reconstruct a muon as a given track type, dedicated sam-
ples of J/) — ptpu~ decays are collected, where the J/) is required to arise from a
b-hadron decay to improve the purity of the samples. One of the u*, dubbed the “tag”
muon, is reconstructed as a long track, whilst the other, dubbed the “probe” muon/track
is reconstructed using information from all bar at least one of the tracking systems, i.e.,
as a VELO, upstream, downstream or T track. The probe tracks are compared to fully
reconstructed tracks (those containing information from the subdetectors of the probe
track and the missing subdetector(s)), with the efficiency of the subdetector(s) in the
track reconstruction then given by the fraction of probe tracks for which a corresponding
fully reconstructed track is found. As long tracks require hits in the VELO and T'1-3 but
not the TT and muon systems, probe tracks for studying the long track reconstruction
efficiency are formed from hits in the T'T and the muon systems using a dedicated re-
construction. Of the possible reconstructed long tracks in the event, if the extrapolation
of any long track into the muon systems is compatible with at least 70% of the probe
track hits in the muon station (and at least 60% of hits in the TT if applicable), then
the probe track is considered to correspond to a long track. The number of probe tracks
before and after matching to the long tracks are obtained, in bins of the track pt and 7,
by NLL fits to m(u*p™), from which the efficiency is then computed. The application
of this method in this analysis is discussed later, in Section [4.4.4]

4.2.5 Efficiencies as per-event weights

As discussed in Section [4.1.5] the PID and LO requirements cannot be reliably applied
directly to the MC samples. Instead, the per-event efficiencies of each of these require-
ments are estimated per Sections & with the combined efficiency taken as the
product of the two. Specifically, the PID efficiency is applied for all samples, whilst the
L0 requirement, which relies on dedicated information included which is only included
in the BY — Dy 7" sample, is only incorporated for B — Dy nt. Since the hhrm and
hhm invariant mass distributions are not significantly modified by the L0 requirement,
the impact of not including the corresponding efficiencies is assumed to be negligible.

Applying these as per-event weights, the K Knmm and K K7 invariant masses, and the
pr and 7 of the associated 71 are shown in Fig. Further distributions are shown in

Figs. & in Appendix [A.2]

Whilst the invariant mass distributions undergo a small change in resolution, becoming
marginally narrower, the largest modifications from the inclusion of these efficiencies
are in the final-state hadron kinematics. Understanding the effect of these weights on
the kinematics of the final state hadrons are crucial to accurately determining their
corresponding detection asymmetries.

The LO weights introduce a double-peak structure in the p distribution of each final-
state hadron. The peak at higher pr is driven by the efficiency to trigger on the associated
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Figure 4.6: Effects of per-event weights from PIDCalib2 and LOHadronTables, and their
combination, on key distributions in the K K77 final state.

7T, which increases with increasing pr. The peak at lower pr is driven by the efficiency
to trigger on the other hadron(s) in the candidate; since the kinematics of the final-state
hadrons are constrained by the B? and Dj, events in which the other hadron(s) have
a greater pr (and consequently a higher efficiency) will generally contain associated m+
with a lower pr.

The PID efficiencies generally have a smaller effect; however, they are responsible for a
significant reduction in candidates with final-state hadron at high 7.

4.3 Raw asymmetry, A,.w

The raw asymmetry, given in Eq. 4.6}, is computed from the signal yields in each charge-
conjugate final state. These charge-specific signal yields, parameterised by A;.w and a
total signal yield, are obtained by a 1-dimensional NLL fit to the hhmm invariant
mass, performed simultaneously over the charge-conjugate final states h~h™7 7" and
hth~ntx~. Each of component forming the hhrmm invariant mass spectrum is modelled
by a probability density function (PDF), with the shape taken from fits to respective MC
simulated samples. The PDFs chosen were informed largely by Ref. , which performs
a similar fit, albeit in 2-dimensions: over the BY mass (computed with the constraint of
the D, mass taking its measured value per Ref. [5] using DecayTreeFitter (DTF) [111])
and hhm invariant mass, the latter of which is not necessary in this analysis as, per
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4.3 Raw asymmetry, Araw

Section the contribution of charmless background is negligible in the selected
samples.

4.3.1 Modelling of signal and background components

The PDF chosen to model the reconstructed BOS) mass in B?s) — D(_S h* decays, must
account for two effects. Firstly, they must account for the detector resolution, which
results in a Gaussian-like distribution of invariant masses. Secondly, they must account
for energy losses from final-state radiation, which result in an extended left-hand tail,
often modelled by a power-law distribution. Three PDFs are considered to model the
hhrr invariant mass of BY — D, 7t decays: the double-sided Crystal Ball (DSCB), the
sum of an extended Cruijff and a Gaussian, and the sum of a double-sided Hypatiaﬁ
and Johnson Sy function, which are defined according to Egs. |A.1] |A.4] and |A.3|/|A.7,
respectively. Each of these were fit to the B — D7+t MC samples in each final state
(with ProbNN and LO efficiencies applied as per-event weights), as shown in Fig.
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Invariant mass, m(KK 1) / MeV/c? Invariant mass, m(room) / MeV/c?
(a) Fit in KKnm (see Table|A.2). (b) Fit in wrmm (see Table |A.2).

Figure 4.7: Fits of the Hypatia+Johnson Siy model to the 2016-18 combined B — Dy n+
MC samples in both hhn7 final states. Equivalent fits using the DSCB and extended
Cruijff+Gaussian models are shown in Fig. in Appendix [Al The corresponding pa-
rameters are listed in Table [A.2.

Both the Extended Cruijff+Gaussian and Hypatia+Johnson Sy PDFs provide a better
description of m(hhrr) for B — D7t than the DSCB. The Extended Cruijff provides
a better description of the right-hand tail, whilst the Hypatia+Johnson Syy PDF provides
a better description of the core of the distribution. As the majority of events lie within
the core, the Hypatia+Johnson Sy model was chosen to describe the BY — D7t
component.

Considering each background component, i.e., those in Table not marked by * or f,
many occupy similar regions of m(hhmm). Whilst this makes such backgrounds highly-
correlated in the fit and hence difficult to separate, if the backgrounds are sufficiently
similar then they may be safely described by a single component. In particular, the
B — D7~ and BY — D}~ 7" backgrounds both lie at m(hhrr) < 5300 MeV/c?, and
the B — D7 KT and B’ — D~ 7" backgrounds both lie beneath the signal peak, centred

Tt is henceforth implied that Hypatia refers to the double-sided Hypatia function.
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4 Measuring the time-integrated untagged CP asymmetry of B?— D7t decays

around m(hhzrm) ~ 5350 MeV/c?, as shown in Fig. The former pair are sufficiently
similar that these can be modelled by a single PDF; the component representing both
BY— D7~ and B?— D:~n is referred to throughout as the “low mass” background,
and is described by the BY — D} 7~ shape, which can be taken as the BY — Dy r™
model with the B%-B? mass difference subtracted from the mean parameter, p. The
latter pair are insufficiently similar to model together and require a careful treatment
of their yields/asymmetries to mitigate correlations both between the two backgrounds
and between these backgrounds and BY — Dy 7™ signal.
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Figure 4.8: Comparison of peaking background components occupying similar spaces in
the K K7 invariant mass.

For backgrounds with misidentified final-state particles (B? — Dy K+, B® — D—r*
and A) — A7), these can be modelled empirically by finding a PDF which describes
these suitably in MC, modified to the hhmm mass hypothesis. The Hypatia+Johnson Sy
model was trialled as a model for these: in BY— D; K™, the full Hypatia+Johnson Sy
model was required for an adequate description, whilst for B — D~z and /12 — A7t
the Johnson Sy alone (described in Eq. |A.7)) was sufficient. Fits of these models to their
respective MC samples are shown in Fig Asthe BY— Dy K+ and B?— D*~nt MC
samples were only available in the K K77 final state, and since their shape in m(hhrn)
is independent of the decay mode of the D, the K Knm models of these backgrounds
were also used in the mrwm final state.

Finally, the combinatorial background in hadronic b-meson decays is typically modelled
by exponential-like terms, e.g., the double-exponential model used in Ref. . In this
measurement, the offline selection described in Section leaves comparatively little
combinatorial background, particularly in the K K7 final state. This leaves insufficient
information to reliably fit the 3 degrees of freedom of the double-exponential model (two
exponents and a relative scale factor). Instead, an exponential+constant model, i.e., a
double-exponential model with one exponent fixed to 0, is compared to a single exponen-
tial model To provide sufficient combinatorial background to reliably fit these models,
dedicated samples of data were prepared in which the stricter ProbNN requirements in the
non-resonant DF — hth~ 7" phase space and the m(hhr) window are not applied. The
combinatorial background of these dedicated sample and of the fully selected samples
was compared and deemed to be sufficiently similar to be used to obtain the parameters
of the combinatorial models.

The two models were fit to the dedicated samples, specifically to the upper hhnm side-
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Figure 4.9: Template PDFs modelling each peaking background contribution.

band, m(hhrm) € [5600,6800] MeV/c?, as shown in Fig. [4.10l Both models describe
the sideband well; however, the exponential4+-constant model was chosen as the constant
term provides a sizeable fraction of the combinatorial background shape in the flatter
region of high m(hhnm). This allows the exponential term to account for a steeper com-
binatorial background shape for lower values of m(hhm), closer to mpo, in the fits to
data.

With all components modelled, the total hhzwm invariant mass model is constructed as
a sum of the PDFs, each extended by a corresponding yield for each charge-conjugate
final state, i.e.,

frot.(m) =D N;F fi(m|h~hta~ ") + N film|h "~ wtn), (4.11)

for each component, i. The fit, referred to throughout as the nominal fit, is therefore
performed simultaneously over the two charge-conjugate final states, with the parameters
of f; shared between the states and the yields NijE separated. The charge-specific yields,
Nii are parameterised in terms of a total, charge-agnostic yield N; and an asymmetry
A;, as

Nii _ 1F A

2

such that A;ay (which is equivalent to A BISDT —+), can be extracted directly from the
fits to data. This parameterisation also results in a more stable fit, allowing for direct

N, (4.12)
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Figure 4.10: Fits of the exponential+constant model to the combinatorial background
data samples (2016-18, both magnet polarities). The equivalent fits of a single exponen-
tial model are shown in Fig. in Appendix [A]

control of the asymmetry of components in the subsequent pseudoexperiments performed
to validate the fit and estimate systematic uncertainties. Furthermore, this enables a
direct comparison to an equivalent charge-agnostic fit.

The parameters of each f; are fixed in the nominal fit; however, the position and res-
olution of both signal and peaking background distributions in m(hhr7) may not be
modelled accurately by the MC. The fixed mean-like (1 in Egs. & , piics and
width-like (¢ in Eq. and A in Eq. , valc, parameters of each model are thus
modified by floating parameters in fits to data,

:quiata = IU’%VIC + 5#7 (413&)

U(iiata = O-li\/IC + 507 (413b)

where 6, € [~2.5,2.5] MeV/c? and d, € [—5,10] MeV/c?. Similarly, the exponent of the
exponential term in the combinatorial model is allowed to float in the fit to data, starting
from its value in the fit to the dedicated sample. Meanwhile, the fraction between the
exponential and constant terms of the combinatorial model is fixed; a corresponding
systematic uncertainty is determined in Section by comparing the resulting value
of Af, from the nominal fit and equivalent fit wherein this fraction is allowed to float
under a Gaussian constraint.

The asymmetries of the largest components, BY — D7, and the combinatorial and
low mass backgrounds, are allowed to float, whilst the asymmetries of B? — D K™,
B — D~ nt and Ag — A 7" are fixed to 0, as these are small components so any
asymmetry here (not anticipated to be greater than O(1%)) induces a very small dif-
ference in the number of events in each charge-conjugate final state. This approach is
validated by pseudoexperiments with asymmetries assigned in these backgrounds, dis-
cussed in Section Systematic uncertainties are determined similarly to that of the
combinatorial fraction, as discussed in Section [4.6.1]

The yields of B — Dynt, A) — A_n", and the combinatorial and low mass backgrounds
are allowed to float; however, as the B — Dy KT and B — D77 yields are smaller
and their components overlap significantly with BY — Dy 7", their values relative to the
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4.3 Raw asymmetry, Araw

BY — Dy 7" yield must be fixed in the fit to data. These yields are parameterised in

i
terms of N BOSD: and a relative fraction, f B0 Dot 35
R .
Ni= fpopp+ Npospsat (4.14)

This relative fraction, which is fixed in the nominal fit, is estimated by comparing the
production rate (hadronisation and branching fractions) and efficiency of a given back-
ground with those of BY — D n". It is assumed that the only components of the
efficiency which differ between B? — D, wT and the backgrounds are those of the kine-
matic selections (mass windows and B? — D*~7wtveto), and particle identification re-
quirements, described in Sections & [4.2.2, The tracking, trigger and other offline
selection efficiencies are assumed to be sufficiently similar between B — D, 7F and each
background that these need not be accounted for. Therefore, the relative fraction can
be written as

; _fa B(DY—= Kxtat) B(i) T (4.15)
0. ot - _ _ — 9 .
Bs=Dx fs BDf— K+tK—nt) B<B2—> D; 7r+) gﬁ:D mt €§§;DS -

for i=BY—D—7wt only

where {ﬂ (or 1/ S) is the ratio of the fragmentation fractions of BY and BY, B() are
the branching fracmons of process i, and ey, and epip are as described in Sectlon

+
The values of fB %g_li nd fBoﬁg_ ’Ti in the 2018 magnet up configuration, and its
constituent values, are stated in Table[4.6, As for the combinatorial exponent and fixed
asymmetries, a systematic uncertainty corresponding to these fractions is determined by

comparing against a fit in which these are floating these within a Gaussian constraint.

Table 4.6: Fractions describing the yields of BY — Dy K+ and B® — D=7t relative to
the yield of BY— D7 7" (per Eq. 4.15) and its constituent components. Kinematic and
PID efficiencies are taken from MC corresponding to 2018 magnet up data-taking.

Quantity Decay Value Source
BY— Dyt 0.94155 & 0.00085 —
Kinematic efficiency BY— D; K+ 0.70423 £ 0.00085 —
B~ D—nt 0.46239 + 0.00074 —
BY— Dyrt  (3.821356 + 0.000001) x 10~} —
PID efficiency BY— Dy K+ (2.507092 + 0.000024) x 10-2  —
BY— D—nt  (2.72802 +£0.00013) x 1073 —
BY— Dot (2.98 +0.14) x 1073 5
B DI K+ (2.25 £ 0.12) x 10~ 5
Branching fraction B0 — D~xt (2.51 + 0.08) x 103 5
Df » K*K~-nt  (5.3740.01) x 102 5
Dt — K-ntrt (9.38 £ 0.16) x 102 5

Had. fraction, f,/f4 — 0.2539 & 0.0079 [112]
BY— Dy K+ 0.00423 + 0.00030 —

Yield fraction
B~ D xnt 0.0203 + 0.0014 —
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4 Measuring the time-integrated untagged CP asymmetry of B?— D7t decays

4.3.2 The nominal invariant mass fit

The complete model described in Eq. was fit to the full data samples (2016-18,
magnet up and down combined) in the K K77 and w7 final states. The resulting
distributions of these fits are shown in Fig. with their corresponding parameters
listed in Table and the correlations between these parameters shown in Fig.
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Figure 4.11: Nominal invariant mass fit to each final state, shown for each charge con-
jugate state. Corresponding parameters are listed in Table[4.7. The same fits are shown
on a linear scale in Fig. in Appendix [A]

The fits converge well, accurately describing the data in each final state and each charge
conjugate state. Both fits return values of A,y consistent with 0.

In the K K77 final state, the combinatorial and low mass background asymmetries are
both non-zero, to significances of 2.5¢0 and 2.40, respectively. In the combinatorial back-
ground, this appears to be physical and is visible in the differences in yields at high
m(K Knm). The low mass background asymmetry is more difficult to discern between
a physical effect or an artefact of the model construction, as the component is anti-
correlated with the combinatorial background, so may be driven by the combinatorial
asymmetry, and the component is highly dependent on the statistical fluctuations at low
m(K Knm). In the mnrm final state, the lower statistics and consequent lower sensitivity
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4.3 Raw asymmetry, Araw

Table 4.7: Parameters of the nominal invariant mass fits shown in Fig. 4.11].

Fit value
Parameter
K Knr final state mrrw final state
BY— Dy nt yield 28940 + 190 7270 £ 150
Combinatorial yield 8960 4+ 180 37620 £ 250
Low mass yield 1510 + 57 720 £+ 68
A)— A;7t yield 600 £ 110 —

BY— Dyt asymmetry  (—2.54£6.2) x 1073 (0.3 +£1.6) x 1072
Combinatorial asymmetry — (—3.0+1.2) x 1072 (2.8 +5.4) x 1073

Low mass asymmetry (8.5 4+ 3.5) x 1072 (=5.4+8.1) x 1072
Comb. exponent / (MeV/c?)™! (=9.04+2.6) x 10~* (=1.187 £ 0.057) x 1073
Mass value shift / MeV/c? —0.63 +0.12 —0.93 4 0.36
Mass resolution shift / MeV/c? 8.30 £ 0.39 3.41 £0.82
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Figure 4.12: Correlations between parameters of the nominal fits, as listed in Table
and shown in Fig.

prevent any such conclusions being drawn, with all asymmetry parameters consistent
with 0.

The (anti)correlations between parameters are as expected. Ay, exhibits only a weak
anticorrelation with the combinatorial background asymmetry, and a yet weaker anti-
correlation with the low mass background asymmetry, both of which are anticipated.
The lack of correlations between the asymmetries and yield parameters also indicates
that the parameterisation of the N* per Eq. is effective.

In the K K7 final state, the strongest (anti)correlations are those between the combi-
natorial exponent and the yields of combinatorial and Ag — A7 7t backgrounds. These
are also anticipated, as changes in the shape of the combinatorial background via the
combinatorial exponent induce changes in the combinatorial yield, which are then com-
pensated for by the A) — A7 yield as the A) — A_ 7+ background is broad and lies
between the B! — Dy 7T peak and the upper m(K Kmr) sideband.
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4 Measuring the time-integrated untagged CP asymmetry of B?— D7t decays

In the 7w final state, the strongest (anti)correlations are largely induced by the com-
binatorial exponent: as the low mass background is effectively the only background lying
to the left of the BY — D; 7" peak, the events at lower m(m77rm) can be comfortably
modelled by either the low mass or combinatorial background components, hence an
increase in the combinatorial exponent. This effect also introduces an instability in
the width of the low mass background, reflected in the strong correlation between the
combinatorial exponent and &,. As §, varies, the area beneath the B — D7t and
consequently the BY — D; 7t yield, varies, resulting in a similarly strong correlation
between N BOS DIt and d,, and the combinatorial exponent /yield.

4.3.3 Fit validation and pseudoexperiments

The nominal invariant mass fits must be validated thoroughly to ensure that the values
of Ayaw returned are reliable and robust. This analysis makes extensive use of pseudo-
experiments to validate the nominal fit, in which many pseudo-datasets are generated
according to the nominal fit model, on which the nominal fit is then performed, compar-
ing the resulting parameters with those of the nominal fits [113]. Of particular interest
are the errors on the parameters in the pseudoexperiment fits and the pulls between the
values of each parameter in the nominal and pseudoexperiment fits:

P, = Lpseu. — Lnom.

: (4.16)

Oz, pseu.

for a parameter  measured to be Zpsen. and Tpem. in a given pseudoexperiment fit and
the nominal fit, respectively, and o, pseu. is the uncertainty on pseu.. If the fit is un-
biased, then each value of Zeeu. can be considered to be drawn from some probability
distribution centred on zyem. With a variance estimated by Jg’pseu.. According to the
central limit theorem, if xpgeu. is sampled sufficiently many times, then the distribution
of sampled values will tend towards a Gaussian of width o psew. and mean zpom.. In
other words, an unbiased fit should return pulls which are normally distributed. By
fitting a Gaussian distribution to the distribution of pulls, the mean and width of said
distribution can be compared to their anticipated values of 0 and 1, respectively. Sim-
ilarly, the distribution of o4 peeu. itself should follow a Gaussian distribution centred on
the statistical uncertainty on x.

To study the sensitivity and stability of the nominal mass fit, 1000 pseudoexperiments
were performed in each final state, with 852 of the fits converging in K K7m and 932
converging in wwww. The resulting pulls and pseudoexperiment fit errors for Apay, to
which Gaussian distributions were fit, are shown in Fig.

The Gaussian distributions describe the pulls and errors well in both final states, re-
turning ¢ = 0.001 £ 0.034 and o = 1.013 £ 0.025 in K K77 and g = 0.013 £ 0.034 and
o = 1.034 + 0.024 in w7, consistent with those of a normal distribution. The fits to
the errors on A,y in the pseudoexperiments return statistical sensitivities of

Ostar, (K K7mm) = (6.20557 4 0.00077) x 1073,

Ostar. () = (1.60970 + 0.00080) x 102,

Gaussian distributions were also fit to the distributions of pulls of the other floating
parameters in the nominal mass fit. The Gaussian means and widths (subtracted by 1
to be centred on 0) resulting from these fits are shown in Fig.

60



4.3 Raw asymmetry, Araw

+LHCb Preliminary
_\_

120 _‘_ LHCb Preliminary

100
80
60
40

20

b b b b b b by
TTT [T T T [TT T[T [TTT[TTT[T
o b b b b b by

Pseudoexperiments / ( 0.369369 )
8
T T T T T T

3

o

Pull Pseudoexperiments/ ( 1.1147e-05)

Pull
-LI‘\D'\)-& (=}

5 0.0071 0.0072 0.0073
Apyy pull A, Pseudoexperiment error

(a) KK7n pulls.

—~

b) K Knm pseudoexperiment errors.

LHCb Preliminary + LHCb Preliminary

Pseudoexperiments / ( 0.310676 )

o

(=}
T T T T T T
o b b b b b bl
ol b b b b b ey

Pull Pseudoexperiments/ ( 6.44465¢-05 )

Pull
Lor o

-4 -2 0 2 4 00155 0016 0.0165

A, pull AL, pseudoexperiment error
(c) mrrm pulls. (d) mrmm pseudoexperiment errors.

Figure 4.13: Pulls and pseudoexperiment errors on A,y from the nominal pseudoexper-
iment study. Gaussian distributions fit to each of these are overlaid.

Generally, the pulls on these parameters are consistent with being normally distributed.
For those parameters for which this is not the case, the scales of biases are very small,
with all biases (displacements of the pulls mean from 0) below 0.15.

Further to the pseudoexperiment studies described above, the fit was validated by com-
parison to a charge-agnostic fit, i.e., in which no distinction is made on the final-state
charge and hence no asymmetry parameters are incorporated. This was performed on
the same dataset as the nominal fit, with the resulting distribution shown in Fig.
with corresponding parameters listed in Table

Table 4.8: Parameters resulting from the charge-agnostic fit, as shown in Fig. |4.15

Fit value
Parameter
KK final state mrrm final state
BY— D7t yield 28940 + 180 7270 £+ 150
Combinatorial yield 8950 4+ 180 37620 + 250
Low mass yield 1512 + 57 720 £+ 68
A)— A 7 yield 610 + 110 —
Comb. exponent / (MeV/c?)~! (—8.943.0) x 104 (—1.186 & 0.057) x 1073
Mass value shift / MeV/c? —0.63 £0.12 —0.93 £ 0.36
Mass resolution shift / MeV/c? 8.3140.39 3.4140.82

As expected, all parameters common between the nominal and charge-agnostic fits are in
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Figure 4.14: Widths and means of Gaussian distributions as fit to the pulls of each
floating parameter in the nominal fit.
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Figure 4.15: Charge-agnostic equivalent to the nominal invariant mass fits shown in
Fig. Corresponding parameters are listed in Table

good agreement, with near-identical central values and errors. This, as for the nominal
fit parameter correlations, stands to indicate that the parameterisation of N+ is effective,
as the asymmetry parameters should, and indeed do, describe any differences between
the two fit configurations.

Two other effects can also be probed through the use of charge-agnostic fits: the fits de-
scribed thus far employ a bespoke Python- and RooFit-based fitting framework, and is
therefore not validated by use in prior analyses; the modelling of the combinatorial and
low mass backgrounds in the fit do not use the information of the hhzm invariant mass
distribution below 5100 MeV/c2. To address these, the charge-agnostic invariant mass
fit described above is first performed in the C++- and RooFit-based B2DXFitters frame-
work, using the same shape parameters as obtained in Section The hhmm invariant
mass window is then extended at the lower end to 5100 MeV/c? and descriptions of the
BY— D7 p* and B?— D=7t included, parameterised by the RooHORNSdini and
sum of a RooHORNSdini and RooHILLdini , respectively, with the shapes obtained
by fits to MC. As the latter fit has the additional information from the full structures of
the partially reconstructed backgrounds, their correlation with the combinatorial back-
ground is significantly reduced, highlighting any bias induced by the combinatorial and
low mass modelling considerations in Section [4.3.1]

Both of these fits return yields consistent with those of the nominal invariant mass fit
for both final states. In the fit over the extended m(hhnm) range, shown in Fig.
signal yields of 28930 + 190 and 7380 + 150 are obtained for the K Knw and wrrw final
states, respectively. The agreement of these yields with those of the nominal invariant
mass fit of 0.10¢ in K K7 and 0.060 in wrm.

4.3.4 Asymmetry contributions from background components

Provided that B? — D7t candidates are adequately separated from the background
components in m(hhnm), asymmetries in background should not contribute directly to
<Afmtaed>' This is in contrast to similar analyses in semi-leptonic b-hadron decays, e.g.,
Ref. [115], where an additional asymmetry term is introduced to account for asymmetries
in background components. However, the presence of any asymmetry in the background
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Figure 4.16: Charge-agnostic fit to m(hhn7) using B2DXFitters with the lower limit of
the mass window extended to 5100 MeV/c?.

contributions, particularly those for which the asymmetry is fixed to 0, could induce a
bias in the determination of Apay.

To evaluate this bias, the nominal pseudoexperiment studies of Section is repeated;
however, the MC samples are generated with an asymmetry assigned to a given back-
ground component. In the both final states, asymmetries are assigned in the combi-
natorial, low mass and BY — D; K+ components; B — D~ nt and A) — A 7" are
also included in the K K77 final state. For each component, asymmetries of 0, £0.1%,
+0.2%, £0.5%, £1%, £2% were assigned. As in Section Gaussian distributions
are fit to the pulls on A,y in each component-asymmetry scenario, with the resulting
means/widths compared to their equivalents in the nominal studies. If a background
asymmetry induces a bias in A;.y, then the mean of the Ay, pulls should be clearly
dependent on the assigned asymmetry. The width of the A, pulls distribution is only
expected to be modified by a background asymmetry through differences in the fit sta-
bility. These studies were performed across 1000 pseudoexperiments in each component-
asymmetry scenario, with the resulting A;.y pulls means and widths shown for the
K Knm and mrr final states in Figs. & respectively.

In the K K77 final state, the means and widths of most component-asymmetry scenarios
were consistent with those of the nominal fit, i.e., that the nominal fits are not biased by
a background asymmetry in any of the components up to the scale of 5%. Additionally,
the small variations observed in these parameters appear generally random, rather than
exhibiting a significant trend with the assigned asymmetry. In the low mass background
asymmetry scenarios, for larger asymmetries (|A| > 0.5%), the distributions of pulls are
slightly narrower. This is understood to arise from the changes that such a background
asymmetry introduces to the correlations between the BY — D, 7, combinatorial and
low mass background. In the B — D~ 7t scenarios, the slight negative bias for negative
asymmetries and slight positive bias for positive asymmetries could be a sign as a depen-
dence of the bias on the B’ — D~ 7t background asymmetry, arising from the fact that
the B — D~rt asymmetry is fixed to 0 in the nominal invariant mass fits. However,
the scale of this bias is small, and the systematic uncertainty assigned to describe the
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Figure 4.17: Gaussian means and widths, as fit to Ay (K K7) for scenarios of assigned
asymmetries in each background component, with those of the nominal fit, per Fig.

overlaid (grey/black).
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fixing of the asymmetry of the B — D=7 T component to 0 (discussed in Section [4.6.1)
should describe precisely this behaviour.

The same is true in the wwwn final state, where effectively all means and widths are
consistent with their nominal equivalents. All variations appear to be random, exhibiting
no dependence on the assigned background asymmetries.

As the A,,w pull means and widths of the component-asymmetry scenarios are all con-
sistent or close to consistent with those of the nominal pseudoexperiment studies in
Section and since no significant dependence on the assigned background asym-
metries are observed, it is concluded that the effect of any background asymmetries
on the nominal fit is significantly below the statistical sensitivity to Araw and hence
can be safely neglected. Additionally, any biases which could arise in the background
components with asymmetries fixed to 0 in the nominal fit are accounted for in the
corresponding systematics discussed in Section [4.6.1]

4.4 Detection asymmetry, Aget.

Assuming that contributions to the detection asymmetry can be factorised, Aqer.can be
decomposed as

Ager. = Ao + AT + Agg + AGES, (4.18)
where each term describes the contribution from asymmetries in the selection’} parti-
cle identification, L0 trigger and track reconstruction, respectively. This assumption
only holds if there are no significant local asymmetries in the distributions in which
these components are determined, namely the component momenta of the BY, D, and
final-state particles, and quantities derived directly from these, e.g., pr and 7. To test
this, charge asymmetries of the MC/data samples were investigated; no significant local
asymmetries were identified, the assumption of factorisation was deemed valid.

Each of the components in Eq. can be evaluated by considering the corresponding
efficiency in each charge-conjugate final state. The methods by which the efficiencies of
these contributions are estimated, and their resulting values, are discussed in Section [4.2]
As in Ref. [116], the detection asymmetry can be obtained from the charge-specific
efficiencies by incorporating the efficiencies into their respective yields, i.e.,

N* o N'* = N*et, (4.19)
Under this transformation, the asymmetry (as in Eq. is transformed to

N—e~ — Ntet
"
A— A SN i N (4.20)

This can alternatively be expressed in terms of the sum, ex; = e~ + &7, and difference,
ea =€ — e, of the charge-specific efficiencies:

N~ (€E—|—6A)—N+ (62—8A)

A =
N7(82+6A)+N+(62—8A),

(4.21)

which can be rearranged for a numerator and denominator expressed in factors of ex; A,

P (NT=NT)+ea (N~ +NT)
n e (NT4+ NT)+ea (N-—NT).

(4.22)

5In this section, the selection efficiency/asymmetry refers solely to those of the kinematic selection
requirements, e.g., the invariant mass requirement.
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Eliminating a factor of ex; (N~ + NT) from both numerator and denominator, and sub-
stituting in A, this becomes
A+epfex

A= 272 4.23
1+ Aep/ex. (4:23)
For small asymmetries in the yields and efficiencies, this approximates to
- _ -+
e-—¢
A~ Ay —— 4.24
L= +et’ (424)

where the second term is the contribution to the asymmetry of the efficiencies, from
which each A, in Eq. is computed.

4.4.1 Contributions from kinematic selection efficiencies

The kinematic selection asymmetry, A(Sfelt'_, describes the asymmetry between the effi-

ciencies of three offline selections: the invariant mass windows, B — D*~ntveto and
HCAL separation requirement, in each charge-conjugate final state. These efficiencies
are computed for each year and magnet polarity in BY — D; 7+ samples and are listed
in Table in Section [4.2.1 and combined as a luminosity-weighted mean.

The corresponding asymmetries, Affelt'. in these efficiencies are listed for the efficiencies in

the magnet up and down configurations averaged across data-taking years, and averaged
across both polarities and all data-taking years in Table As anticipated, the asym-

Table 4.9: Charge-specific selection efficiencies and corresponding asymmetries from
BY— D;nt MC samples.

Efficiencies / %
Dfn~ D;rt
Up  24.017£0.030 24.035+0.030 —0.03740.089
KKnrm Down 24.11740.030 24.069£0.030  0.09940.088
Both 24.067+£0.021 24.052£0.021  0.031+£0.063
Up 23.94+0.12  23.97+0.12 —0.05£0.34
TATT Down  23.96+0.11 23.91+0.11 0.1040.33
Both 23.949+0.081 23.937+0.081 0.03+0.24

Final state Magnet Asymmetry / %

metry arising from the kinematic selection is negligibly small, with the largest tension of
1.10 in the 2016-18 combinations arising in the magnet down configuration and K K7
final state. A systematic uncertainty associated with the factorisation of PID and L0
efficiencies from ASS: is described in Section .

4.4.2 Contribution from PID efficiencies

The term ARZP™ arises from the charge-specific efficiencies of particle identification
requirements: the cuts on ProbNN variables, hasRich and isMuon. These are, per Sec-
tion in the resonant and non-resonant regions of the DI — hth~ 7™ phase space,
using calibration samples of D** — Dr*twith D® — K7t via PIDCalib2. The effi-
ciencies are combined per-year and magnet polarity as weighted mean where the relative
signal yields in the (non-)resonant regions are used as weights, which are further com-
bined by year/magnet polarity as luminosity-weighted means. AREP®™ is then determined

from these efficiencies according to Eq.
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Systematic uncertainties accounting for the granularity of the binning scheme applied to
the calibration samples and the choice of ProbNNk and ProbNNpi selections are discussed
in Section

AFEePNY s determined for the 2016-18 combination in magnet up/down and combined
cases, listed in Table [4.10L As for A5 | the values of AFTPP™ are negligibly small, with
all values averaging between resonant and non-resonant regions consistent with 0.

Table 4.10: Charge-specific PID asymmetries in B? — D7+, in the (non-)resonant
Df — hth~ 7t phase space regions, and their luminosity-weighted means.

Final state Magnet Asymmetry / %
Non-resonant ~ Resonant Average
Up 0.07+0.14 0.09+0.30 0.07£0.13
KKnm Down —0.01£0.13 —0.16£0.30 —0.03£0.12
Both  0.0284+0.096 —0.036+£0.213 0.021£0.088
Up 0.2940.76 0.35+0.60 0.31+0.49
T Down —0.06£0.74 —0.23£0.59 —0.14+0.48

Both 0.12+0.53 0.06£0.42 0.08+0.34

4.4.3 Contribution from LO trigger efficiencies

Similarly to the PID detection asymmetry, the asymmetry in charge-specific L0 trigger ef-
ficiencies can be computed from those efficiencies discussed and estimated in Section
using calibration samples of D** — D7t with DY — K~7" via LOHadronTables.

The asymmetries Agghare computed per Eq. with the statistical uncertainty from
the BY — D;m™ MC samples taken as the statistical uncertainty. A systematic un-
certainty for the calibration sample statistics is discussed in Section [4.6.2l The charge-
specific efficiencies and corresponding asymmetries are listed in Table 4.11]

Table 4.11: Charge-specific L0 selection efficiencies and corresponding asymmetries from
B?— D77t MC samples.
Final Magnet Efficiencies / %
state Din~ Dynt
Up  39.0244+0.044 38.961+0.044 —0.081+0.079
KKnmm  Down 39.3614+0.044 39.16140.043 —0.25540.078
Both 39.193+0.031 39.0614+0.031 —0.16940.056
Up 41.32+0.18 41.48+0.18 0.194+0.30
T Down  41.7640.18 41.60+£0.17 —0.194+0.29
Both 41.54+0.12 41.54+0.12 —0.00£0.21

Asymmetry / %

In the K Kr final state, a significant non-zero contribution to the detection asymmetry
is measured, both for the individual magnet polarities and in their combination. No
such significant contribution is measured in the w77 final state.
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4.4.4 Tracking asymmetry

Finally, the asymmetry induced by charge-dependent differences in track reconstruction
efficiencies is evaluated. This involves determining the efficiencies to reconstruct tracks
or pairs of tracks, which depends both on the efficiency to detect particles in the VELO,
TT and T1-T3, and the efficiencies to reconstruct long tracks from these. Pions are
not considered to exhibit a significant charge-dependence in their interactions with the
detector, i.e., their nuclear cross-sections are not significantly charge-dependent. On the
other hand, the nuclear cross-sections of kaons exhibit a strong charge-dependence: the w
in a K~ is available to annihilate with the u-quarks in the protons and neutrons of nuclei,
whereas neither of the quarks in a KT is present in either nucleon, except via their sea
quarks. This effect can induce CP asymmetries up to the scale of O (10*2), as determined
from the cross-sections of kaons with deuterium . Earlier LHCb measurements in
Run 1 established that the asymmetry in the reconstruction of a K*nT pair could be
determined more accurately and reliably than through the separate determination for
a K* and 7T individually . Whilst the single-pion asymmetry can be determined
reliably by estimating the charge-specific tracking efficiencies with J/i — ptpu~ decays
per Section [4.2land applying Eq. the charge-dependent nuclear interactions of kaons
prevent the same method from being applied for an equivalent single-kaon tracking
asymmetry. Instead, this analysis evaluates the single-kaon tracking asymmetry by
measuring the K*7F and single-pion tracking asymmetries, and taking their difference.

Considering the final states of the analysis, looking first to the K K7r final state, the
total tracking asymmetry can be constructed from the tracking asymmetries of three
components: a K~ 7" pair and single K* (both originating from D} — KT K~ 7), and
a single 7~ (the associated pion). The mmmm final state is much simpler to compute,
taking the sum of single-pion asymmetries, whilst minding their relative charges, i.e.,
that the 7+ and 7~ tracking symmetries have a relative sign difference. These are
written out as

AT (K Err) = AT (KT ) + A (x7) + A (K, (4.250)

Kk Kk Kk Kk K
A (ammm) = AGR (mpo ) + AT (why ) + AT (wpp ) + AfaX (s ,) - (4:25D)
As both final states are charge-symmetric, the asymmetries between final-state particles
should cancel significantly within kinematic differences (especially if the K+ and K~

originate from a ¢), i.e., a smaller cancellation is anticipated between the 7 of the D
and the associated pion.

The two-track reconstruction asymmetry of the K~nt pair, A%k (K ~7F), from a D}

decay has been studied in detail in previous analyses, with a standard method estab-
lished for determining these, implemented in a Python-based common software tool,
KPiAsymmetryTool [117]. Assuming CP conservation in Cabbibo-favoured charm de-
cays, AY3K(K—7%) can be determined from the raw asymmetries of D¥ — K—ntat
and D+ — K21, corrected by the asymmetry of neutral kaons, A(KY), such that

A (K7t ) = A (DY = K-n 7)) = A (DF = Kot ) = A(K°). (4.26)
Avaw (DT = K=7771T) and Apaw (DT — K37T) can be estimated from dedicated cali-
bration samples, whilst A(K") is taken from a bespoke simulation in Ref. [118] to be

A(K®%) = (0.054 £ 0.014) %. The calibrations samples are sourced from HLT?2 trigger
lines saving to the Turbo steam: H1t2CharmHadDpToKmPipPip_ForKPiAsymTurbo and
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4.4 Detection asymmetry, Aget.

H1t2CharmHadDpKSOPip_KSOLLAsymTurbo for D* — K~-ntrT and Dt — K2nt, re-
spectively.

To mitigate the impact of differing production and trigger asymmetries between the cal-
ibration channels, per-event weights are applied to the sample of D™ — K§7r+ decays
such that the DT are kinematically similar between the two samples. The samples must
also be weighted such that they are kinematically similar to the D} — KT K~ 7 from
BY — D;7t; per-event sWeights are extracted from the nominal invariant mass fit,
and used to subtract background contributions from the sample of data, such that the
sWeighted data samples represent only B — D 7+ contributions. The weighting pro-
cedure thus involves first weighting the D™ — K~ 77" calibration sample to match the
kinematics of the DY — K+ K~ 7" in the s Weighted data samples of this analysis, weight-
ing in (p,n) of the common K~ and (pr,7) of the common 7. The DT — K7™ calibra-
tion sample is then weighted to match the kinematics of the weighted D" — K- ntzxt
calibration sample, weighting in pr of the common 7" and (pr,n) of the common DT.
Finally, the weighted Dt — K37 calibration sample to the DT — K~nt7 T calibration
sample in ¢, the angle between the particle trajectory in the x-y plane and the z-axis,
of the common 7.

Two methods were considered for performing the weighting described above. A machine
learning (ML) classifier, namely the boosted decision tree-based GBReweighter from
the hep_ml Python package , is trained to predict the per-event weights necessary
to perform a given kinematic reweighting. Alternatively, a binned weighting, namely
BinsReweighter also implemented in hep_ml, in which the weights are taken simply as
the ratio between histograms of the target and original distribution, with an option of
applying a Gaussian filter to include information from neighbouring bins. The former
method is applied here, with the latter used in the determination of a systematic un-
certainty due to the reweighting (see Section . An example of the first stage of
the weighting (weighting the D™ — K ~7w"7" calibration sample to the sWeighted data
sample from this analysis), for data taken in 2016 with the magnet up configuration, is

shown in Fig.

With the calibration samples weighted, the charge-specific yields, and subsequent values
of Araw, in each DT decay mode are obtained by fits to the K~ 77" /K37t invariant
masses. The signal contributions are modelled by a DSCB, a PDF formed of the sum
of three distinct Gaussian distributions, convolved with a power-law function to model
the radiative tails of the DT mass peaks. The small combinatorial background contribu-
tions, the only backgrounds considered present in these samples, are modelled by single
exponential functions. Fits were performed to the samples in each data-taking year and
magnet polarity, in bins of p and 7 of the K~ in DT — K~ n"x" with the procedure
carried out for both the K~n" and K7~ pairs of the K™K 77~ final state.

The single-pion tracking asymmetry is much simpler to determine, applying Eq. to
the charge-specific single-pion efficiencies in bins of pr and 7, estimated from J/1) — put ™
calibration samples via TrackCalib in Section [4.2.4. Two systematic uncertainties are
assigned to these asymmetries: one arising from the choice of signal model in the fits
to m(uTp”), the other from the granularity of the kinematic binning scheme. Both of
these are discussed in Section [4.6.2l

Finally, the single-kaon asymmetry, namely that of the K+ in the KT K ~nT7n~ final
state, is determined by evaluating the two-track reconstruction asymmetry of the Kz ™+
pair and subtracting the single-pion asymmetry of the 7%. The single-pion asymmetry
is evaluated by dividing the B?— D; 7" MC sample into bins of the K+ pr and 7 and
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Figure 4.19: Weighting of the D* — K~ 77" calibration sample to the s Weighted data
sample from this analysis, for data taken in 2016 with the magnet up configuration.

evaluating the average pion asymmetry in each bin from the single-pion efficiencies, such
that a map of the asymmetry on 7 in bins of the kaon kinematic bins is constructed.

The approach described above was applied for each year and magnet polarity to ob-

tain values of Agﬁ‘fk(hhﬂﬁ). These values were then combined by year/magnet polarity

according to their luminosity. The values of A3k (hhmr) and their constituent parts,
combined per year and computed in the up, down and combination of magnet polarities,

are listed in Tables & for the K K and mrm final states, respectively.

Table 4.12: Tracking detection asymmetry in K K77 and its components.

Magnet Asymmetry / %
polarity Kt (K—7") s T g0 KKnrn
Up 1.104+0.08 —1.08 &0.09 —0.08 £0.02 —0.06 £+ 0.09
Down 1.04+0.08 —1.01£0.09 0.024+0.02 0.0540.09
Both 1.07+£0.06 —1.04+0.07 —0.03 £ 0.01 —0.00 + 0.06

Two further effects must still be considered: the crossing angle of the proton beams
and the hadronic interactions with which the muons used in determining the single-pion
efficiencies/asymmetries differ from those of pions. Both of these effects are neglected,
with corresponding systematics assigned in Section
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4.5 Production asymmetry, A q

Table 4.13: Tracking detection asymmetry in 7777 and its components.

Magnet Asymmetry / %
polarity 7725+ (m=7 ™) Dt Tho iy
Up —0.02 +0.04 0.00£+0.00 —0.06 +0.02 —0.08 £+ 0.04
Down 0.04+0.03 0.00+0.00 0.01+0.02 0.06=+0.03

Both 0.01£0.02 0.00£0.00 —0.02£0.01 —0.01 +£0.02

4.4.5 Summary of Age.

The components of the detection asymmetry discussed above are combined according to
Eq. As the statistical uncertainties on Affelf., AFEebN and Aggt.arise from exactly
the same MC samples and are thus 100% correlated, the largest statistical uncertainty
is taken of the three, that of ARZ?®™ for both final states, and added in quadrature to
the statistical uncertainty on Ag’?tc_k. The systematic uncertainties are computed as a

quadrature sum over the systematic uncertainties on all four components.
The detection asymmetries in each final state are, per Eq. determined to be

Ader(KKmm ) = (=0.12 £ 0.11 + 0.09) %,

Aget.(rrrm ) = (0.00 £+ 0.21 + 0.02) %.

These are both consistent with 0, indicating that the charge-symmetric final states pro-
vide a significant degree of cancellation in the contributions to the detection asymmetry.

4.5 Production asymmetry, ;md.

As discussed in Section the production asymmetry, that is, the asymmetry inherent
in the production of BY and BY mesons in pp collisions, Aprod., is washed out by the rapid
Bg oscillations. The parameter Ap.,q. was measured in Ref. to be —0.0031 4= 0.0032.
The dilution factor is a ratio of two integrals, both of which depend on the decay time
acceptance, £(t). As the signal candidates selected in this measurement are sufficiently
similar to those in Ref. [29], the decay time acceptance from Ref. can be used. This
acceptance is a cubic spline function, shown in Fig. [4.20

Evaluating numerically the dilution factor given in Eq. taking I's and AT’y from
Ref. [5] and Amg from Ref. , returns a ratio of (7.320 4+ 0.017) x 10~3. It is therefore
safe to estimate that the effective production asymmetry, A{Drod', the product of this
factor and Aprod., is, at its largest, O(1075). As this is significantly below the sensitivity
on Ap.w achieved in this analysis, the production asymmetry term in Eq. can be
safely ignored.

4.6 Systematic uncertainties

Systematic uncertainties accounting for the effects discussed in the previous sections are
assigned to A;aw and Aget., summarised below in Tables and respectively.
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Figure 4.20: Cubic spline function modelling the B? decay time acceptance, with knots
and coeflicients taken from Ref. .

4.6.1 Systematic effects in A, .w

The systematic effects on the determination of A, arise from how the invariant mass
model is constructed and performed. Specifically, the systematic effects considered are
the choice of signal model, the grouping B® — D}f7~ and B? — D!~ 7" together using
the B® — D7~ model, and the fixing of parameters in the fit, namely the fraction
between terms in the combinatorial model, the fractions of the signal yield from which
the B — D7 KT and B — D~7" yields are obtained, and the asymmetries of the
BY— D;K*,B'— D= r" and /1(bJ — AZ 7" components. A standard approach is applied
to quantify these effects, wherein the invariant mass model is modified to account for a
given effect and fit to the data, with the difference between the resulting values of A;.y
and those of the nominal fit taken as the systematic uncertainty. To quantify the choice
of signal model, an invariant mass fit is performed taking the extended Cruijff+Gaussian
PDFs shown in Figs. & as the BY — D7 7" signal model (replacing also the
B — D¥r~ model which derives from that of B — D 7%). For the modelling of low
mass background, the BY — D} r~ shape is replaced by Johnson Sy functions fit to
BY — D:~nt MC samples. For the parameters fixed in the nominal mass fit stated
above, the alternative mass fits are performed with each parameter floating subject to
a Gaussian constraint. The mean/width of the Gaussian constraint are taken as the
central value/error of the parameter for the combinatorial and yield fractions, whilst a
mean of 0 and width of 5% are used for the asymmetry parameters.

Performing the invariant mass fits described above, the systematic uncertainties associ-
ated with A, are listed in Table along with the total systematic uncertainties (the
quadrature sums over each contribution) for each final state. The parameterisation of
the signal and low mass background components contributed significantly in both final
states. In K K7, the fraction between combinatorial background model terms and the
fixing of the B’ — D=7 " and A) — AZ 7" produce yet greater contributions.

The systematic uncertainties on the values of A, in each final state measured in the
data samples covering all data-taking years and magnet polarities are determined to be

Osyst. (KKmrm) = 4.9 x 1074

Osyst. (mmm) = 1.3 X 1074
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4.6 Systematic uncertainties

Table 4.14: Summary of systematic uncertainties on Apay.

. Final state
Systematic
KKnm TN

Signal parameterisation 1.4 x 107* 1.0 x 10~*
Low mass parameterisation 1.4 x 10™% 9.0 x 107
Combinatorial fraction 2.4 x 1074 2.9 x 1076
BY— D; K™ yield fraction 4.6 x 1078 4.1 x 1077

BY— D~ r7 yield fraction 2.1 x 1076 —
BY— D7y K+ asymmetry 1.4 x 107° 4.7 x 1077

B°— D7t asymmetry 3.6 x 1074 —

A)— A-nt asymmetry 1.1 x 1074 —
Total 49x107% 1.3 x 1074

4.6.2 Systematic effects in Aget.

The systematic effects affecting Aget., which are largely described in Section are in-
tertwined with the methods applied to determine each component of Aget.(per Eq. 4.18)).

For Azeelt‘., systematic uncertainties describing the effect of neglecting/incorporating the
PID and L0 requirements are assigned as half of the difference between the values of A5:
without /with the corresponding efficiencies applied as per-event weights. This factor of a
half, applied also for other systematics, is assigned to account for methods of estimating
systematic uncertainties which consider more extreme variations than reasonably would

be expected in an analysis.

Two effects are considered for AFZ2PMY: the first arising from the choice of binning scheme,

the second from the choice of the cuts on ProbNN. The former is quantified as half of
the difference between the value of AFZ°PM obtained with the standard binning scheme
and the value obtained when the widths of the bins in both dimensions are halved.
The latter is quantified by evaluating ASZPP™ over a range of ProbNN cuts, shown in
Fig. [4.21) wherein the ProbNN cuts are parameterised by an arbitrary parameter e €
{0.1,0.3,0.5,0.7,0.9} such that cuts of ProbNNpi < ¢ and ProbNNk > 1 — ¢ are applied
to KT, and ProbNNk < ¢ and ProbNNpi > 1 — ¢ are applied to 7*. As the loose and
strict ProbNN requirements applied in this analysis correspond to € = 0.4 and € = 0.2,
respectively, a systematic uncertainty is assigned as half of the difference between AFZCPNY
for the ¢ = 0.1 and ¢ = 0.5 cases, i.e., the values of € which bracket those used in the

nominal selection.

For AcLigt‘, the choice of reference tables is considered as a source of systematic uncer-
tainties. To quantify this, the uncertainty due to the statistics of the reference samples
is assigned as a systematic uncertainty on Ag&.

Finally, four systematic effects are considered for Agﬁ‘fk: the choice of weighting ap-

proach, the choice of signal model in fits to the calibration samples, the hadronic inter-
actions of pions and the beam-crossing angle.

A systematic due to the choice of weighting approach applied for A$2%(K~771) is as-
signed by computing Afiﬁ?kusing BinsReweighter and taking half the difference against
the value of A¥a%*computed using GBReweighter.
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Figure 4.21: Dependence of the ARL®™ on the choice of requirements ProbNNk and

ProbNNpi, parameterised by e. Values of € corresponding to the PID requirements
applied within and outside the resonant D, phase-space are marked by hollow and solid
circles, respectively. The uncertainties on AFZ°PMY are solely statistical, and are entirely

correlated with one another as they study AZEPP™ within the same sample.

track

The effect of the choice of signal model is quantified by computing Aj%*replacing the
DSCB model with the sum of two Gaussians and again taking half the difference to the
value of A%2%obtained using a DSCB.

The crossing angle of the proton beams may induce a phase-space asymmetry with a de-
pendence on the magnet polarity, resulting in a contribution to the detection asymmetry
estimated at —0.2% for pions with p > 20 GeV/c and n > 4, and considered significantly
smaller for pions outside these ranges and for particles arising from secondary decays,
i.e., from the D . In B?— Dy 7" combined across each year and magnet polarity,
(11.220 £0.023)% and (12.34 +0.09)% of associated pions have p > 20 GeV/c and n > 4,
in the K K7 and wwww final states, respectively. Taking the product of the detection
asymmetry at high pr and 7, and fraction of events for which this applies, this effect is

therefore estimated at 2 x 104, which is assigned as a systematic on Afﬁ‘fk.

As the single-pion tracking efficiencies are computed from muons they neglect any
hadronic interactions which pions would be subject to. A systematic uncertainty of
0.04% is assigned to resulting single-pion tracking asymmetries in previous analyses .
In the K Knr final state, the hadronic interaction of the 7+ from the D is accounted
for in KPiAsymmetryTool, so this effect is only relevant for the associated pion, and the
systematic uncertainty of 0.04% is thus assigned to Afﬁ?k(K Krr). In the mrrn final
state, this effect is assumed to cancel, such that no corresponding systematic uncertainty
need assigned.

The systematic uncertainties assigned to each component of Aget.and their combination
as a quadrature sum are given in Table The largest contribution in both final
states arises from the difference in the asymmetry induced by the kinematic selections
when incorporating PID and LO efficiencies. Additionally, in the K K77 final state, the
systematic uncertainty assigned to account for asymmetries in the hadronic interactions
of pions provides a large contribution. Whilst the systematic uncertainties assigned to
Aget.are larger than those assigned to A;.w, they remain approximately a factor of 10
below the statistical sensitivity to A;aw in each final state.
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Table 4.15: Summary of systematic uncertainties on Ageg..

Final state

Component Systematic

KKnm TATT
Aﬁleelt'. Per-event weights 4x107% 2x1073
{Probi Binning scheme 2x107* 2x1074
det. —4 —4

ProbNN cuts 3 x 10 5 x 10
AL Efficiency tables 3x107° 1x107*

Weighting approach 2x 1074 —
Erack Signal model 2x107% 2x1074
et.

7+ hadronic interactions 4 x 1074 —
Beam-crossing angle 2x107% 2x107*
Adet. Total 75%x107* 22 x 1073

4.7 Consistency of (A7 . ...q) in data subsamples

As a validation of the determination of (Afmtagged) described above, the measurement is

performed in subsamples of the dataset and compared to the nominal values obtained in
the full samples. In particular, subsamples are constructed from regions of the D phase
space, and bins of the BY and associated pion kinematics. Subsamples from the D phase
space regions are taken as the candidates lying within each individual resonance window
(per Section, and the non-resonant region. Subsamples from the B? kinematics are
defined by dividing candidates into four bins depending on whether the corresponding
pr(BY) and n(BY) are above or below boundaries pr = 8 GeV/c and 7 = 3. A similar
split is performed for the associated pion subsamples, using the same n boundary and
taking the pr boundary to be pp = 4 GeV/c.

Measurements of <Afmtagged> are obtained in each subsample, following the same proce-
dures as the nominal measurement, for each data-taking year and magnet polarity. The
differences between the luminosity-averaged values in each subsample and the nominal
value of (A* ) determined in the 2016-18 magnet polarity-combined samples are

untagged
reported in Table |4.16 where the uncertainties stated are entirely statistical.

The values of (Afmtagged> measured in each subsample are generally consistent with the
nominal values, with only a few subsamples in which the listed differences are inconsis-
tent with 0. Where tensions do arise, these are small, with the largest, a difference of
—0.13540.082, arising in the low pT(ﬂ'Eg), high T](?TES) subsample in the 777 final state.

Additionally, these differences cancel between the subsamples when combined according

to their relative abundance in the full samples, indicating closure of (A}, iaeged)- It 18
concluded that the determination of (A7 ,...q) (and its constituents) is robust.

4.8 Summary of results and conclusion

Combining the raw and detection asymmetries determined above, the values of (Aj,,00cd)

determined in each final state are:

(A ntagged) g penr = (—1.2£6.2£1.0) x 1072,
(Adntagged) . = (—0.4£1.6+£0.2) x 1072,
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Table 4.16: Differences between the nominal values of (A} ,00cq) and values determined
in subsamples of the datasets.
A? diff
Category Subsample < untagged> Herence
K Krm final state monm final state
¢p— KTK~ 0.006 £+ 0.019 —
B KOs K-zt  —0.011 £0.019
D7 phase space a
f0(980)— 7t — —0.097 £ 0.044

Non-resonant 0.003 £ 0.031 0.001 £ 0.046
Low pr, low 0.028 +0.028 —0.039 + 0.079
Low pr, highn  —0.005+0.024 —0.063 + 0.057
High pr, lownn  —0.0154+0.018 —0.017 4+ 0.049

High pr, high n  —0.001 £ 0.049 —0.09+0.11

Low pr, low 7 0.020 + 0.025 —0.072 + 0.067
Low pr, highn  —0.039 £0.031 —0.135 %+ 0.082
High pr, low 1 0.001 +£0.017 0.011 £ 0.049

High pr, highn  0.004 + 0.038 —0.036 + 0.084

BY kinematics

TI'EO kinematics
S

where the constituent terms of each value are listed in Table No evidence of NP is
observed, with the measured values deviating from the SM case by 0.190 and 0.250 in
the K Knm and mowm final states respectively.

Table 4.17: Summary of the components of (A} ,.seq), for the combination of all years
and magnet polarities.

Asymmetry / %
Source
K K77 final state mrrmm final state
Affelt'. 0.031 £0.063 £0.038 0.03+£0.24+£0.21

ABEONY (021 4 0.088 £ 0.057  0.08+0.34 +0.17

AES —0.169 £ 0.056 & 0.007 0.00 £ 0.21 % 0.02
Alpack 0.00 £0.06 £0.05  —0.01 & 0.02 & 0.03
Aget. —0.124+0.11£0.09  0.00 £ 0.21 & 0.22
Avaw —0.254+0.62£0.05  —0.3 £ 1.6 & 0.00
Aprod.

(ASaggea)  —0-12+0.62+0.10 —0.4+1.6+0.2

The measurement is statistically limited, with the statistics effectively reduced twice
by LOHadron trigger selection: first by the LOHadron trigger efficiencies of ~ 40% from
Section[4.2.3} and again by the HCAL separation cut which is applied solely to enable the
LOHadron trigger efficiencies to be determined and has an efficiency of ~25%. If the LO
hardware trigger were to be removed, an improvement the statistical sensitivity of ~3x
could be expected. Precisely such improvements in the sensitivity of statistically-limited
measurements motivate the removal of the LO hardware trigger for Run 3 data-taking,
a focal point of the next chapter.
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5 A 30 MHz LHCDb software trigger for
Run 3

As demonstrated in the previous chapter, the LOHadron trigger has proven to be a
limiting factor in the sensitivity of many measurements. As will be shown in this section,
the LOHadron trigger must be removed to enable LHCb to capitalise on increases in
the delivered instantaneous luminosity from Run 2 to Run 3. The trigger system was
therefore redeveloped, centred on a real-time analysis-based approach, wherein HLT1
receives data at the full 30 MHz of the pp collisions.

This chapter discusses the upgrade of the LHCb trigger for Run 3, and the upgrade of the
LHCD detector as a whole. A data-driven method to evaluate trigger efficiencies is then
laid out, along with an accompanying common software tool, TriggerCalib. Finally,
this method is applied to determine the efficiencies of inclusive HLT1/HLT?2 selections.

5.1 The LHCb experiment during Run 3 of the LHC

The LHCDb detector and trigger underwent significant upgrades during Long Shutdown
1 (LS1), i.e., between Runs 2 and 3, to facilitate higher energy and higher intensity LHC
collisions in Runs 3 and 4 . The centre-of-mass energy of the pp collisions is increased
from 13TeV to 13.6 TeV and the instantaneous luminosity in LHCb is increased from
Lt =4x10%2 ecm 257 to Linst = 2x 1033 ecm 257! . This increase in %t raises
the average number of visible pp interactions per bunch crossing from pyis ~ 1 in Run
1/2 to pyis ~ 5. The detector must therefore be able to record and efficiently process
the busier, i.e., higher occupancy, events of Run 3. However, as is demonstrated in
Section the signal yields of the L0 trigger saturate when increasing the instantaneous
luminosity beyond that of Run 1. The upgrade therefore necessitates the removal of the
LO trigger, with the HLT being upgraded to enable high-quality reconstruction and
particle identification in real-time, 4.e., the 30 MHz visible interaction rate.

5.1.1 Upgrades to the LHCb detector

The LHCb detector was significantly modified to optimise performance under the busier
Run 3 data-taking conditions. The upgraded detector, shown in Fig. [5.1} features a full
replacement of tracking systems and upgrades to RICH1 and RICH2, whilst also seeing
the SPD, the PS and M1 removed. These upgrades enable the detector to disentangle
the multiple visible interactions and efficiently reconstruct the consequent events.

All three trackers of the Run 1/2 LHCb detector are replaced: the VELO by the VELO
upgrade [123], T1-T3 by the Scintillating Fibre (SciFi) Tracker, and the TT by the
Upstream Tracker (UT) [61].

The semi-circular VELO sensors are replaced with hybrid pixel detector modules .
The 52 L-shaped modules, each consisting of 55 um x 55 um square pixel sensors, are
installed either side of the beam and arranged to form a square aperture 5.1 mm around
the beam when the VELO is closed. The resulting resolutions of PV positions in the x
and z directions are shown in Fig. in comparison to those of Run 2 . PVs can
be resolved more precisely in both directions by the upgraded VELO, even for collisions
with many more PVs than in Run 2.
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Figure 5.1: Side-on schematic of the LHCb detector in Run 3 of the LHC from Ref. [122].
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Figure 5.2: Resolutions of reconstructed PV positions in 2018 and 2024, taken from

Ref. [124).

The UT replaces the TT, consisting of four planes of vertical staves, with silicon strip
sensors on both back and front , in the same geometry as the TT. As for the TT, the
UT differs between the inner and outer regions, employing narrower and shorter strips
in the innermost regions of each layer to achieve a higher granularity.

The SciFi tracker consists of three stations, replacing T1-T3, each of which is formed from
four layers of mats containing 250 um-thick scintillating plastic fibres. Light produced by
the scintillating fibres is detected by silicon photomultipliers (SiPMs) at the end of the
fibres. Both the UT and SciFi maintain the X-U-V-X geometries of their predecessors.

The dipole magnet, which was not replaced, enables a momentum resolution compatible
with that of Run 2 (shown in Fig. in Section 3.2.1)), as reported for 2024 data-taking

in Ref. [125].

Less radical changes are made to the PID and calorimetry systems, though upgrades are
nonetheless required to enable 30 MHz readout. The HPDs of RICH1 and RICH2 are
replaced with multianode photomultiplier tubes and the mirrors of RICH1 are replaced
with those of a longer focal length [126]. The SPD, PS and M1, which all had primary
purposes of aiding the LO trigger, are made obsolete by the removal of L0O. These
subdetectors are thus removed, with the additional benefit of reducing the detector
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material budget. The ECAL, the HCAL and M2-M5 require only changes to detector
readout, and are left otherwise undisturbed.

The performance of the PID in 2024 data is demonstrated in Ref. [127], from which the
efficiency of PIDy, is shown as a function of fake-rate and momentum in Fig. 5.3
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Figure 5.3: Performance of K+ identification in early 2024 data taking, from Ref. [127].

In addition to the upgrades to tracking, particle identification and calorimetry systems,
the sensors of the BCM are replaced and the support structure rebuilt. The Probe for
LUminosity MEasurement (PLUME) luminometer is also installed, using photomulti-
plier tubes (PMT) to measure the Cherenkov light of charged particles to estimate the
average [ivis and by extension, the average luminosty per bunch crossing .

5.1.2 Upgrade of the LHCDb trigger

At the heart of the LHCb upgrade is the transition of the trigger to an entirely software-
based, real-time analysis approach. To realise this first-of-its-kind approach at LHCD,
the LO trigger is removed and HLT1 is run on graphics processing units (GPUs) to
achieve the necessary throughput of 30 MHz.

The strict requirements on pr and E7 made in LO to achieve a 40x reduction in the
event rate resulted in low efficiencies for the selection of hadrons, electrons and photons,
as shown previously in Fig. Hadronic decays suffer particularly from these require-
ments, as is demonstrated throughout Chapter [4] specifically in Section [4.2.3] At higher
instantaneous luminosities, the higher occupancy of the SPD and PS further degrades
the ability to trigger efficiently on hadrons, electrons and photons. This effect results in
diminishing returns on the yields of such decays of interest with increasing instantaneous
luminosity, as shown in Fig.

The upgraded trigger design is shown in Fig. with the flow of data through the
trigger shown in Fig.

The EB, HLT1 and Allen

The front-end readout of each subdetector, approximately 4 TB/s is collected by the
event builder (EB) CPU farm, consisting of 163 nodes. These nodes contain TELL40
FPGA readout boards which are responsible for the pre-processing of raw information
from the subdetectors into multi-fragment packets for the EB to group by run bunch
crossing into multi-event packets (MEPs) of ~ 1000 events . These MEPs are passed
to the EFF in which HLT1 runs, which in Run 3 consists of GPUs hosted in-situ on the
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Figure 5.4: Signal yields of the LHCb trigger from Run 2 at instantaneous luminosity
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Figure 5.5: Schematic diagram of the Run 3 LHCb trigger configuration from Ref. |[129].

PCle slots of the EB nodes, removing the need to transfer the data outside of the EB
nodes.

The GPUs of HLT1 perform real-time partial reconstruction (track and vertex recon-
struction) and selection. At the core of the redesign is the need for HLT1 to be
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Fig.

architecture-agnostic, (and, by extension, supplier-agnostic), and built around off-the-
shelf consumer GPUs. The former ensures a robustness against the ever-turbulent GPU
market , whilst the latter ensures that the trigger can be scaled up in a cost-effective
manner. Extensive of comparisons of potential GPUs were carried out ahead of the up-
grade, e.g., those shown in Fig. resulting in the adoption of NVIDIA RTX A5000
GPUs . Each EB node has 8 PCle slots, 5 are used for data input/output, with the
remaining 3 available for the GPUs. Of these 3 slots per node, one GPU was already in
place prior to the start of Run 3 data-taking in 2022, a second GPU was added to each
node ahead of 2023 data taking, and a third in August 2024, bringing the total number
of GPUs up to almost 500.
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Figure 5.7: Comparison of Allen throughputs for GPUs considered for HLT1 from

Ref. .

The Allen software framework run on these GPUs was designed to provide a highly-
parallelised GPU-compatible implementation of HLT1 which can be operated at scale [133)].
The partial reconstruction of objects is an embarrassingly parallel problem , in that
events can be treated separately, as can their constituent objects. This enables an effi-
cient mapping of track and vertex reconstruction onto GPUs.

Significant effort has gone into developing and optimising the reconstruction algorithms
to ensure high performance, whilst operating within the narrow throughput constraints
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imposed by design. For example, the Looking Forward algorithm, optimised to run on
GPU, reconstructs tracks by defining search windows in each SciFi layer based on ex-
trapolated VELO- and UT-tracks. Triplets of hits are sought within the search windows,
which are extended to the other layers to be used in a track fit, the results of which are
filtered based on track quality . The efficiency of this reconstruction and subsequent
throughput at varying numbers of PVs are shown in Fig.
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Figure 5.8: Performance of the Looking Forward track reconstruction algorithm on sim-
ulated samples, as detailed in Ref. [135].

The high-quality reconstruction of tracks and vertices, and access to calorimetry and
muon information, enables powerful selections in HLT1, 4.e., highly efficient selections
with strong background suppression. As in Run 2, these are typically inclusive selec-
tions; however, in Run 3, HLT1 runs a handful of exclusive selection algorithms, e.g.,
those targeting D° — K~ 7t and A — pr~. The output of these trigger lines must be
distributed equitably across the LHCb physics interests within the limited output band-
width. This allocation is determined by optimising thresholds on the HLT'1 selection to
maximise the efficiency of HLT1 across a range of signal channels, with this procedure
discussed in more detail in Ref. . Efficiencies of the HLT1 selection algorithms,
namely HLT1TrackMVA and HLT1TwoTrackMVA, are deferred to Section [5.2.3, where these
are discussed in detail.

HLT1 and Allen have been extended beyond their design functionality, e.g., in the re-
construction of downstream tracks [137] and the clustering of ECAL hits [138]; however,
these topics are beyond the scope of this thesis.

Events selected by HLT1 are saved to a 40 PB disk buffer. Under nominal conditions,
events are written to this buffer at 70-200 GB/s, providing a minimum of ~2.5 days in
which to process these events.

Real-time alignment, calibration and monitoring

As in Run 2, the events saved to the disk buffer are used to perform the alignment
and calibration of sub-detectors in real time. This is performed on a similar timescale
to that of Run 2; however, improvements to the reconstruction throughput reduce the
computational needs of the alignment and calibration, allowing these resources to instead
be used for HLT2 processing and for monitoring [139].
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With the higher luminosity and subsequent event rate in Run 3, the use of monitoring
to provide performance insights and identify issues as in data-taking as quickly as pos-
sible takes on a greater importance. The move to a fully software-based trigger enables
the monitoring of high-level performance quantities, such as tracking and particle iden-
tification efficiencies, on a per-run/fill basis. These quantities provide a more detailed
insight into the detector and trigger performance, as these are analysis-level quantities
with the real correlations to their dependent properties. These quantities also reflect the
performance of the first stages of the data flow, and thus are necessary to identify and
act upon issues in a timely manner.

The monitoring of high-level performance quantities is implemented in the CalibMon
monitoring framework, to which the author contributed significantly to the development,
configuration and maintenance. This framework, first implemented in 2024, has been
used throughout Run 3 to identify and understand issues in data-taking in real time.
The framework, the quantities studied and its results from early 2024 data-taking are
discussed below.

The CalibMon framework takes events from the HLT1 output buffer in real time and
applies a set of dedicated HLT2 lines in a HLT2-like processing to fill monitoring his-
tograms on which further analysis, e.g., fitting, can be performed and the results dis-
played. CalibMon is configured to run with 20 threads per node across 10 HLT2 nodes,
receiving events from HLT1 at O(1kHz).

This framework allows for the study of tracking and PID efficiencies using dedicated
HLT2 Turbo lines to select decay channels of relevance to each method.

An example of a CalibMon monitoring page, that of the SciFi HLT?2 tracking efficiencies
from K(S) — 77, in the monitoring web-application Monet \\ is shown in Fig.
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Figure 5.9: Monitoring web page for the CalibMon monitoring of K — 77~ for a single
LHC fill in early 2024 data-taking.

The HLT2 tracking efficiencies in both J/i) — ,Lﬁ,u_m and Ké) — w7~ decays are esti-
mated using the tag-and-probe approach discussed in Section wherein one p* /m*

!Unlike in Section 4] the J/ip candidates are not required to originate from a b-hadron decay.
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is reconstructed as a long track, and the other as a partial track which is then matched
against the long tracks of the event. In J/i) — putu~, as in Section these partial
tracks are formed from hits in the VELO or SciFi and in the muon station, for evaluating
the tracking efficiencies with respect to the SciFi and VELO, respectively. If the UT
hits are available, these are also used in both types of partial track. Two p*u~ mass
histograms are filled per probe track type and charge, one before and one after probe
track matching is performed. A simultaneous fit is performed across each pair of mass
histograms, with a DSCB (Eq. in Appendix modelling signal and an expo-
nential function models combinatorial background, with all parameters shared between
the two histograms except for the yields of the components, from which the efficiency is
computed. This approach is known as fit-and-count. As only 0(103) signal candidates
can be expected to be collected per fill, the efficiencies are computed globally, i.e., with
no kinematic binning applied.

Kg are produced much more abundantly than J/i, so by also studying the decays of
Kg — w77~ the additional statistics can be used to compute tracking efficiencies in
kinematic bins and subsequently also the highly kinematic-dependent tracking asymme-
tries per Eq. As these decays do not involve the muon stations, it is only possible
to study the SciFi tracking efficiency, taking the probe tracks to be VELO tracks. For
each probe track charge, and their combination, mass histograms are filled in specific
ranges of the probe 7 momentum, transverse momentum and pseudorapidity, such that
the signal yield is evaluated in kinematic bins. Whilst the samples of Kg — " decays
collected are already very pure, a sideband-subtraction approach, as per Egs. &
in Section [5.2.2] is applied to extract the signal yields.

Efficiencies of p* and h* PID requirements are evaluated using the same tag-and-
probe methods as described in Section [4.2.2] allowing the effect of any issues in the
muon stations to be identified in quasi-real time. For the identification of muons,
Bt — Ji) (pt ) KT samples are collected, where isMuon (defined in Section
is required for the tag muon and not required for the probe muon. The efficiency is
then taken as the fraction of probe muons passing an isMuon requirement, with the
signal yields obtained by a fit-and-count approach applied to the dimuon mass us-
ing the same model as for the Ji) — utp~ tracking efficiencies. Sufficiently many
Bt — Jjp (ut ™) KT candidates are anticipated that, similarly to the K — 7+~ tracking
efficiencies, the muon identification efficiencies are computed in bins of probe muon p.
The efficiencies are evaluated both separately for probe muons with pr < 800 MeV and
pr > 800MeV, and global efficiency, i.e., making no p or pr distinctions.

Whilst the effect of changes in the muon stations on the muon identification efficiencies
can usually be understood through monitoring of other quantities such as the muon
hit efficiencies, the same is not true for the efficiency of PID requirements on hadrons,
which are non-trivially related to the performance of RICH1 and RICH2. It is therefore
vital to include the hadronic PID efficiencies in CalibMon, as this provides a unique
insight into whether the PID systems are working together as intended. The efficiencies
of requirements on PID; on K+ and 7¥, PID, on p and 7%, and PID,) on p and nE
are determined from D*t — D%rtand A — pr—decays, in the same approach as for
PIDCalib2, described in Section . These efficiencies are evaluated at working
points of PID; > z of x € {—10,—5,0,5}. A similar method is also applied to the elec-
tron PID efficiencies, in which an analogous tag-and-probe approach uses the dielectron
system of BT — J/ip (eTe™) KT decays to evaluate the efficiency of PID, > z at working
points of z € {0,5}.
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HLT2 in Run 3

The upgraded HLT2 remains largely similar in function to the Run 2 HLT2, performing
full offline-quality event reconstruction and subsequent event selection. HLT?2 is still run
on a CPU farm, though operating with significantly higher input and output rates, of
1 MHz and 100 kHz, respectively.

Events are divided into streams depending on their event model and purpose: events with
full persistency are saved to the Full stream, events using the Turbo model are saved
to the Turbo stream, events intended for offline calibration (which are Turbo events with
specific sub-detector raw banks attached) are saved to the Calibration (TurCal) stream.
A dedicated NoBias stream saves a small number of events without imposing a trigger
requirement, as these are used for detector studies. Data sent to the Turbo/TurCal
streams, which are typically accessed regularly and may be needed at short notice, are
saved to hard drive disks. Data sent to the Full stream, which are typically only accessed
for further processing, are saved to magnetic tape .

As of 2025, HLT2 contains over 3000 trigger lines. The use of the Turbo event model
is expanded compared to Run 2, to cover many exclusive selections. Many of these
selections attach additional information such as calorimeter raw banks or additional
tracks for isolation studies. Most inclusive selections remain fully persisted, with further
processing applied offline to reduce candidates to Turbo-like events.

As for HLT1, discussion of efficiencies of inclusive HLT2 selections are deferred to Sec-
tion [5.2.3l Efficiencies of exclusive selections are, by construction, analysis-specific,
though these are discussed briefly in the context of BT — Jip (¢1¢~) KT decays in
Section [6.1.11

Offline data processing and simulation

The flow of data through the offline processing, which leads on directly from the online
data flow shown in Fig. is shown in Fig. The primary aim of this offline
processing is to reduce the footprint of the data recorded by the trigger and to provide
these data to analysts [142].
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Figure 5.10: Dataflow of the LHCDb offline processing from Ref. [130].

The events recorded by the trigger undergo further selection (skimming) and reduction
in event content (slimming), known as Sprucing, saving Turbo-like events to disk stor-
age [143]. The output of Sprucing and the HLT2 Turbo stream are saved to disk as a
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series of streams based on the working group and/or physics content. These events can
be further processed and written into Root NTuples for offline user analysis through the
Analysis Productions framework, which orchestrates the distribution of this processing

for analysts , .

Making use of improvements to the underlying Gaudi framework necessitated by the trig-
ger upgrade, the simulation software was consolidated into the experiment-independent
Gaussino framework . This framework provides a mechanism to allow integration
with event generators beyond Pythia and EvtGen, and supports descriptions of detector
geometries through DD4HEP .

5.1.3 Status of Run 3 data-taking

In the course of Run 3 thus far, LHCb has collected over 17fb~! of pp collisions, as
shown per-year in Fig. This data-taking has seen the detector and trigger upgrades
commissioned, operating at, and in many cases beyond their design capabilities. This
significant increase in the total integrated luminosity collected by LHCb provides vast
statistics for physics analyses, the first of which, a measurement of c-meson production
asymmetries in 2022 and 2023 data, has already been submitted for publication [14§].
However, the data-taking has not been without incident; in January 2023, vacuum pro-
tection equipment failures caused damage to the aluminium foil isolating the VELO from
the LHC vacuum [149]. Whilst the VELO modules were undamaged, the VELO could
not be fully closed for the duration of the 2023 data-taking.
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Figure 5.11: Cumulative integrated luminosity of pp collisions recorded by LHCb, shown
by year of data-taking |150].

The remainder of this thesis focuses on the pp collision data recorded in 2024 and 2025,
up to the technical stop in June 2025. Blocks of data are labelled within these samples,
each of which contains data taken with the same magnet polarity and trigger config-
uration, e.g., a stable HLT1 and alignment configuration. The magnet polarities and
integrated luminosities of the data blocks considered in this thesis are listed in Table
in Appendix Bl Data taken in 2022 is not discussed as the configuration of the trigger has
since changed significantly. Data taken in 2023 is not discussed (with the exception of
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monitoring histograms shown in Section [5.2.1)) as the detector conditions do not reflect
those of nominal data-taking.

5.2 Development and performance of selections for the
Run 3 software trigger

The upgrade of the LHCD trigger necessitates large-scale redevelopment of the selection
algorithms employed in HLT1 and HLT2. In HLT1 these selections were developed from
scratch along with the Allen framework, with these developments focusing on efficiently
performing these selections on GPU architectures . Given the large increase in the
HLT2 input bandwidth, the selections in Moore required redevelopment, leveraging the
offline-quality reconstruction enabled by the upgrade and making broader use of the
Turbo event model and data stream [62]. The author of this thesis made significant
contributions to developments in HLT2, as discussed here.

This section provides a summary of the development process for HLT2 trigger lines,
illustrated by the examples of the cut-based inclusive detached dilepton trigger develop-
ment and topological b-hadron trigger retuning. The data-driven evaluation of trigger
efficiencies is then discussed in detail, with these methods then applied to determine
trigger efficiencies of HLT1 and HLT2 in 2024 and 2025 data-taking.

5.2.1 Development of inclusive triggers for HLT2

With the Run 3 HLT?2 receiving events from HLT1 at a rate ~10x greater than in Run
2, the selections in HLT2 were retuned and redeveloped. In general, exclusive HLT?2
and Sprucing lines apply requirements close to those applied in offline physics analyses,
often inheriting many of their selection requirements from corresponding stripping lines
in Run 2. As exclusive lines target one or a handful of specific decays, their output
rate can be tuned to a value appropriate for the branching fraction(s) of the targeted
decay(s). Inclusive triggers, on the other hand, must strike a balance between sufficiently
strict requirements to suppress background(s) and sufficiently loose enough requirements
to provide high efficiencies across a broad range of signals. The inclusive triggers also
provide a safety net to ensure that interesting events are selected even if they do not
have a corresponding exclusive line, e.g., if a physical analysis is devised after the start
of data-taking. Nonetheless, the procedure by which these trigger lines are developed is
common between exclusive and inclusive selections.

Trigger lines in Moore are specified in Python, with this interface designed such that
analysts with a limited software development background can contribute, applying their
expertise in the selections of their corresponding analyses. Lines are developed accord-
ing to five key quantities which must be studied thoroughly: signal efficiency, signal
purity, output rate, output bandwidth, and throughput. The signal efficiency and pu-
rity of a trigger line are closely related: the efficiency is defined as the fraction of visible
signal events, i.e., those with reconstructible final state particles within the detector
acceptance, selected by the line; the purity is defined as the proportion of all candidates
selected by the line which correspond to signal events. The output rate and bandwidth
are even more directly related: the output rate is the number of events selected per sec-
ond; the output bandwidth is the amount of output data produced per second, which,
if each selected event is of a similar size, is simply the product of the output rate and
average event size. Finally, the throughput is defined as the number of input events
which can be processed by the line per second. Requirements on combinations of these
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quantities (dependent on the physics case of the lines) must be met before lines are
deployed in HLT2.

The signal efficiency can be determined by studying the fraction of MC simulated signal
events which are selected by the trigger:
Ni

gl = —out (5.1)
Niln

wherein an(out) are the numbers of events in sample ¢ entering (passing) the selection
of interest. This treatment is generally sufficient for development of trigger lines, but as
discussed in Section is insufficiently accurate for physics analyses. The data-driven

approach used instead is discussed in detail in Section

The output rate and bandwidth can be studied by processing either minimum bias
MC simulated samples, i.e., samples generated to reflect the events produced by the
pp collisions without biases towards specific signals, or HLT1-filtered pp collision data
samples. Taking the input rate of HLT2, Rj,, as the output rate of HLT1, the HLT2
output rate can be computed as

Nout
Nin

Rout - Rin . (52)

The output bandwidth can be computed from the resulting compressed file size, sout, as

R:

Bout = Sout Niin (53)
The throughput of the line as a whole and its constituent algorithms are reported by
Moore after a sample has been processed. Additionally, the MC simulated minimum bias
samples, in which the true identities of the particles involved are known, can be used to
obtain the signal purity. As processing large minimum bias samples is computationally

intensive and time-consuming, signal purity is typically not studied in development.

The trigger lines are not run in isolation, instead Moore runs with all lines included in a
given HLT2 configuration applied concurrently. Events on which multiple trigger lines
fire are recorded only once, saving the corresponding candidates. It is therefore often
useful to understand the overlap between lines, as the additional bandwidth usage from
a single line will be smaller if other lines are employed which select many of the same
events. Overlaps between selections A and B can be quantified in two different ways:
firstly, in the Jaccard index [151],

|AN B
J(A,B) = 5.4
(A.B)= G (5.4)
and secondly, in the conditional probabilities
ANB
P(ANB) = ;1' J (5.52)
AUB
P(ANB) = | B | (5.5Db)

Both metrics provide a different approach to understanding the overlaps between selec-
tions and their usefulness depends on the use case. For example, between two exclusive
lines of a similar output rate, the Jaccard index gives an indication of their similarity,
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whilst between an exclusive and inclusive line the conditional probability of the exclusive
line firing given that the inclusive line fires is often more useful.

As the quantities discussed above must be determined frequently, both ad hoc in the
development of lines and regularly to provide summaries of these quantities over time.
A bandwidth testing framework was developed to streamline this, in which the tests of
the bandwidth and throughput of HLT2 and Sprucing can be requested based on specific
released versions of the LHCD software or development branches of the software .
This runs standardised tests centrally, from which the bandwidth and throughput are
computed and reported on dashboards. Additionally, a tool was developed to enable
estimations of the performance of HLT1 /HLT2 lines in MC simulated samples, named
HltEfficiencyChecker . This tool, which is built into DaVinci, provides an imple-
mentation of the output rate, signal efficiency and selection overlap calculations discussed
above. These are all evaluated by running HLT1 /HLT2 as necessary on data, minimum
bias MC or signal MC samples and tupling the output in a specific format. Whilst the
initial implementation of the tool, capable of rate and efficiency calculations, were devel-
oped prior to this work, implementation of selection overlap calculations were developed
by the author. This infrastructure allows for the test-driven development of trigger lines,
wherein the performance of the lines can be monitored throughout development.

The methods described above were applied extensively in the development of two in-
clusive triggers deployed in HLT2, the cut-based inclusive detached dilepton trigger and
the topological b-hadron trigger. The author was responsible for the development of the
former and was an important contributor to the retuning of the latter, both of which
are discussed below.

Development of the cut-based inclusive detached dilepton trigger

The efficient selection of b-hadron decays to final states containing pairs of charged lep-
tons is essential to LHCb physics analyses, such those described in Section [2.4.2] These
decays can be identified by two key attributes: the distinct b-hadron decay topology (per
Section and the presence of the dilepton system, originating from a secondary ver-
tex detached from the PV. A collection of MVA-based inclusive HLT2 lines, known as
the MVA-based inclusive detached dilepton (MVAZ/) trigger, was developed prior to the
start of this work. The MVA// trigger applies monotonic Lipschitz NNs to select
events containing 2-, 3- and 4-body candidates, i.e., those containing a detached dilep-
ton signature and up to two additional tracks. Lines are included to select candidates
containing both ¢T¢~ (opposite-sign, OS) and ¢*¢* (same-sign, SS), as the latter are
regularly used to study background distributions and offline selections in analyses, e.g.,
in Ref. . It is crucial that the response of the NN is well-understood, ensuring that
these events are selected on a reasonable physical basis, else the NN may miss signal
events or introduce sculpting effects in background distributions . To this end, a
cut-based equivalent to the MVA/L trigger, the cut-based inclusive detached dilepton
(CBYY) trigger, was developed.

The CB{/Z trigger consists of lines selecting 2-, 3- and 4-body candidates containing an
OS or SS dilepton signature, mirroring those of the MVA//L trigger. As the CB{/ trigger
is intended for validation of the MVA// trigger (rather than for event selection alone), a
stricter cut-based selection can be performed in the CB#¢ trigger than is performed as
a preselection on MVA/Z/ trigger candidates prior to applying the NNs. These stricter
selection requirements, primarily on the kinematic and topological candidates of the
final state particles and their combinations, result in a lower signal efficiency than in the
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MVAZZL trigger, but are necessary to ensure an acceptable output rate, 7.e., no higher
than the MVAZ/ trigger. If both the CB#/¢ and MVA// triggers are operating correctly,
and the MVA/ZZ NNs are well-trained, then all of the events selected by the real CB#¢
trigger lines should also be selected by the MVAZ/ trigger. If this is the case, then the
real CB/{ trigger have no impact upon the HLT2 output rate/bandwidth and efficiencies,
instead only affecting the throughput.

Additional CB#/ lines extend this trigger beyond validating the MVAZ/ trigger; lines are
included in which PID requirements on either or both of the leptons are reversed, dubbed
“single-fake” and “double-fake” lines, with lines with non-inverted PID requirements
then dubbed as “real”. These lines can be used by analysts to understand the impact
of the PID selections applied in the CB/¢ trigger and, by extension, MVAZ/ trigger,
as these lines select the events which would otherwise have been removed by the PID
requirements. As reversing the PID requirement(s) removes large quantities of signal
events and introduces much larger quantities of background events, and since the non-
PID selections of the lines must be identical between real and fake lines for meaningful
comparisons to be drawn, the only way to control the output rate of the single- and
double-fake lines is to apply prescales to these lines, discarding all but a fraction of
selected events.

In the first iteration of the CB#/ trigger, candidates were constructed differently to those
of the MVA/Z/ trigger. Whereas in the MVA// trigger the candidates were constructed
such that the £¢ and additional tracks are contained somewhere in the event, the CB#¢
trigger was constructed such that each line corresponded to the whole event, i.e., b —
00 (4+X). The initial set of selections were taken from a combination of the MVA/Z/
trigger preselection and the many b — ¢¢(4+X) cut-based exclusive lines. For the eu
lines, the selections on each lepton are taken to be exactly those applied to the muons
in the pu lines and electrons in the ee lines.

From this merged set of cut-based selections, the next step was to tune the selection
cuts for the most powerful variables, i.e., those for which a small change in the selection
cut provides the greatest change in efficiency/suppression. The most powerful set of
variables were the PID variables, as these are responsible for suppression of misidentified
backgrounds. Second to these were variables of track and vertex quality, namely XIQP of
the leptons and additional tracks, and the x2,, of the dilepton and b vertices. The
tuning was thus carried out by performing 2-dimensional scans in the PID variable cut
and track x¥p /vertex x2, spaces, with the rates of each line computed in minimum bias
MC, and the efficiency of the 2-, 3- and 4-body lines computed on signal MC for 2-, 3- and
4-body b decay channels (BY — ¢T¢~, Bt — Jhp (¢747) Kt and BT — Jjp (¢707) K*0),
respectively. By scanning in both dimensions at once, correlations between the two
selections can be captured. For example, the scan across the requirements on PID,
and x¥ for the electrons of the 2-body real OS dielectron line is shown in Fig.
Cuts on the PID variables are conventionally set at integer values, so working points
in PID, in integer steps between 0 (the loosest present in the lines from which the
cuts were inferred) and 4 (generally considered to be an extremely tight selection) were
considered.

The set of cut-based selections derived from this tuning, with which the CB#¢ trigger
operated for the duration of 2023 data-taking, are listed in Table in Appendix
The single-fake lines were prescaled by a factor of 40, whilst the double-fake lines were
prescaled by a factor of 2000.
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Figure 5.12: Rates and efficiencies in B? — eTe™ MC of the 2-body dielectron CB/ line
for selection working points in PID, (each curve, stricter for lighter curves) and electron
X% (each point per curve). Chosen working point is shown by dashed lines.

During 2023 data-taking, monitoring histograms from the output of HLT2 were made
available for developers and analysts to verify the performance of their HLT2 lines. This
enabled a first chance to look at the CB#¢ and, more importantly, to compare its output
with that of the MVA/ZZ. A small selection of the monitoring histograms from the dimuon
lines are shown in Fig. [5.13], with each corresponding MVA/¢ histogram overlaid.

Those of most interest were the 2- and 3-body invariant mass histogramsﬂ as some
high-statistics signals, such as J/) — putu~, should be visible above backgrounds. In
particular, the two-body invariant mass histograms (Fig. both return sensible
dimuon spectra, i.e., the ¢ and 1(2S) dimuon resonances also visible. However, the
CB/Z/ trigger is significantly less efficient than the MVAZ/ trigger: from simple fits to
the J/i resonances, the 2-body CB// trigger selects almost 20 times fewer J/p — pu*p~
candidates. A similar inefficiency is seen in the 3-body histograms (Fig. [5.13b)), with a
similar deficit present with respect to the equivalent MVAZ/ line. Examining the his-
tograms of x2,, and x%p for the 2-body lines (Figs. |5.13c| and |5.13d|, respectively), more
significant differences between CB#¢ and MVA// outputs are seen. In addition to the
deficits seen in the mass distributions, the distributions of x2,, and x# are both trun-
cated. This truncation is the result of the b-hadron candidate cuts (per Table , with
the CB// lines selecting candidates in which the dilepton combination has the b-hadron
topology, whilst the MVAZ/ lines select candidates in which the dilepton combination is
part of the b-hadron topology. This subtle difference results in 2-body CB#/ lines con-
figured to reject valid signal candidates with > 2-body final states. As for the MVAZ/,
the 2-body lines should be responsible for the majority of the selection, with the 3- and
4-body lines supplementing this. It was therefore necessary to restructure and retune
the CB//¢ trigger ahead of 2024 data-taking.

The retuning of the CB#¢ was a two-step process: the structure of the 2-body lines was
changed to align with the MVAZ/ trigger, then the cuts were redetermined to account
for the radically different set of 2-body candidates selected. As the change in structure
allows the CB/{ trigger to select dilepton candidates from parts of b-hadron decays,

2The 4-body invariant mass histograms were significantly less populated than the 2- and 3-body his-
tograms.
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Figure 5.13: Monitoring histograms from HLT2 processing of Runs 270352-270563, com-
paring the events selected by the MVA/Z (light blue) and CB¢¢ (dark blue) triggers.

it has the secondary effect of increasing the overlap between the 2-body lines and the
3-/4-body lines, permitting looser cuts on the latter.

Firstly, the selection cuts applied to the dilepton candidate were adjusted, p and pr
minima to suppress extremely soft candidates, and the x2,, /Ngof and xap cuts were
loosened. Similary for the b candidates, the x# cut was removed and the x2, /Naof and
X2p cuts loosened. In addition to the stricter kinematic requirements on the dilepton
candidates, the p and pt minima applied to the leptons and additional tracks were also
tightened. Furthermore, by the time of the retuning, two powerful requirements had
become sufficiently validated to be used in the inclusive trigger lines: IsMuon, requiring
that a track has associated hits in the muon systems, and the ECAL acceptance cut in
which tracks are required to be long with InBrem and InECAL, upstream with InBrem
or downstream with InECAL. These requirements were imposed on muons and electrons,

respectively, providing a significant suppression of background, particularly in the case
of electrons.

To determine the extent to which the 2, /Naof, Xopand track xip requirements could
be loosened, sets of selection cuts in which these cuts were chosen randomly within
reasonable ranges, say [a,b]. Since tighter values of these thresholds are more likely
to provide an optimal configuration than looser values, a linear probability distribution
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f(z) < —(x—=0b) (f(z) x (x —a)) to draw the random maximum (minimum) values,
such that f(b) = 0 (f(a) = 0). HLT2 was run on HLT1 -filtered MC samples for
each set of random selection cuts,with the combined CB#/¢ trigger rate and efficiency
across a range of channels then evaluated with H1tEfficiencyChecker. As for the 2-
dimensional scans of the initial tuning procedure, the rates and efficiencies of each of
these selection configurations were plotted to determine the requirements which could
be tightened further for a smaller reduction in efficiency. An example of this is shown in
Fig. (prior to including the ECAL acceptance cut) for efficiencies of the dielectron
and dimuon lines in BT — J/) (utp~) KT and Bt — J/p (ete™) K, respectively.
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(a) Dimuon CB// trigger rates plotted against Bt — J/ip (utp~) K™ efficien-
cies.
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(b) Dielectron CB/ trigger rates plotted against BT — J/ip (eTe™) K effi-
ciencies.

Figure 5.14: Rates and Bt — J/i (¢T¢7) K efficiencies of the CB// trigger for each
random set of topological selection cuts.

The cuts on X12P of leptons cannot be tightened further without significant impact on
the signal efficiencies; whilst the cuts on dilepton X%Dprovide some small reduction in
rate. In the 2-body lines, the additionalisMuon and ECAL requirements were sufficient
to suppress background, whilst the most effective suppression of background for the 3-
and 4-body lines was provided by the X12P requirement on additional tracks, which was
tightened to match the X12P > 36 requirement imposed on leptons. The final set of
cuts determined by the retuning, as deployed in data-taking from 2024 onwards, are
summarised in Table in Appendix The same prescales were applied for the
single- and double-fake lines as in 2023.

To demonstrate the improvement in performance brought by the CB¢¢ retuning, the
total efficiencies of the 2023 and 2024 CB//¢ trigger and 2023 MVA// trigger were eval-
uated in BY — ¢4~ Bt — Jhp ((T07) KT, B — Jhpp, A) — Jhp (uTp”) pK~ and
7r — pTpu~pt MC samples, as shown in Fig. In every channel, the efficiency
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of the CB/{ trigger was improved by the retuning, with efficiencies up to double those
of the 2023 tuning in some modes. As anticipated, the efficiencies of the CB#¢ trigger
remain below those of the MVA// trigger. As the cuts on the topological variables now
align more closely to those of the MVA// trigger preselection, it can also be expected
that there is a greater overlap between the CB#¢ and MVA/Z/ triggers. Surprisingly,
the efficiencies in B? — ¢*¢~ are improved in both modes, despite the structure of the
2023 CB// trigger being configured for b — ¢¢ candidates. This is likely as theisMuon
and electron acceptance cuts are significantly more efficient than the cuts required to
suppress background in the 2023 CB#/ trigger, i.e., those of the b candidate.
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Figure 5.15: Combined trigger efficiencies of the 2023 (original) and 2024 (retuned) im-
plementations of the CB#/ trigger, and the MVAZ/ trigger as deployed in 2023, computed
on signal MC for 7 different final states containing a e™e™ or u™pu~ pair.

Retuning of the topological b-hadron trigger for 2025 data-taking

As discussed in Section and Section[5.1.2] LHCD has long employed a set of inclusive
trigger lines to select b-hadron decay candidates based on their topological properties,
referred to collectively in the topological b-hadron (b-topo.) trigger. Ahead of Run 3,
the b-topo. trigger was redeveloped, moving from the boosted decision trees employed
in Runs 1 and 2 to a monotonic Lipschitz NN architecture . The Run 3
b-topo. trigger was developed outside of the work of this thesis; however, this is not the
case for the retuning of this trigger for 2025 data-taking. The development, discussed
in more detail in Ref. is thus summarised here, whilst the retuning is discussed in
more detail.

The b-topo. trigger in Run 3 consists of four HLT2 lines. These lines select two- and
three-body candida‘cesﬂ7 with and without a requirement that at least one of the final-
state particles has a response in the muon system. Two monotonic Lipschitz NNs are
employed, trained to classify two- and three-body candidates as either signal or back-
ground. These NNs take as input kinematic and topological features of the candidates
and their subsequent particles, as listed in Table in Appendix

The monotonic Lipschitz NN architecture, laid out in Ref. , was chosen as it allows
for monotonicity of the NN response to be enforced in specific features of choice, provid-
ing robustness against changing detector conditions. This monotonicity is achieved by
constraining the gradient of the NN by the Lipschitz constant L, which is taken to be

3Three-body candidates are constructed as the combination of a two-body candidate with an additional
track.
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greater than 0, and for which the constraint is stronger for larger values. The effect of
these constraints is shown for a toy system with two features, comparing the monotonic
Lipschitz NN with an unconstrained NN and a monotonic BDT in Figure 1154].

monotonic Lipschitz NN
AUC=0.93 08

monotonic BDT
AUC=0.93

unconstrained NN
AUC=0.94

2 .5,
log (min[x7p])

Figure 5.16: MVA response across a toy space in features of the b-topo. trigger from

Ref. [154).

The two- and three-body candidates are subject to a loose cut-based preselection before
the NNs are applied. This preselection is intended to remove candidates which are
kinematically or topology extremely unlikely to originate from real b-hadron decays. The
cuts applied in this preselection are listed in Table in Appendix Requirements
made on the final-state particles ensure suppression at low-pp and low track quality,
where the signal purity is very low, such that the number of possible two- and three-
body combinations is maintained at a manageable level. Requirements made on the
combinations significantly reduce the number of candidates to which the NNs must be
applied, improving the throughput of the b-topo. trigger.

The NNs are trained using minimum bias MC as a background sample and MC from
a mixture of specific decay channels as a signal sample. A custom truth-matching is
applied to the minimum bias sample to remove any contributions originating from a
b-quark. The signal sample is split equally between each of its component channels.

The NNs were trained by minimising a binary cross-entropy (BCE) loss:
1 N N
L= N > lyilog (§i) + (1 — i) log (1 — )], (5.6)
i

where y; is the class label of each event (0 for background events and 1 for signal events)
§; is the NN output [159).

The trained models are applied to the preselected candidates, with thresholds on the
responses of the NNs defined such that the combined b-topo. trigger provides a given
bandwidth of output. In the pre-2025 iteration of the b-topo. trigger, these thresholds
were determined by processing HLT1 -filtered samples running instances of the trigger
lines with different thresholds. The corresponding efficiencies and bandwidths of these
are determined to establish a Pareto front, the set of thresholds which are most efficient
for a given rate . This method provides thresholds to the precision of the separation
between each threshold value studied; however, this is limited by the computational
resources required to run a large number of the trigger line instances at once. The
allocation of bandwidth between the four lines, particularly between the standard and
muonic pairs of lines, is somewhat subjective, and thus was determined by the expertise
of the development team with input from analysts.
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During 2024 data-taking, as a step in the validation of the data, the efficiencies of the b-
topo. trigger, such as those shown in Fig. were studied. These studies revealed two
issues: the global efficiencies in each channel were lower than anticipated, i.e., than in
Fig. and the efficiencies at high lifetime tail off rapidly above 5 ps. The former limits
the statistics available to analyses, whilst the latter introduces problems in modelling
decay time, as high lifetime events are essential to describing the cosh term in Eq.
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Figure 5.17: Efficiencies of the b-topo. trigger in late 2024 data, evaluated with the
TISTOS method (described later in Section [5.2.2)).

Improvement of the global efficiency is a difficult problem to solve, as the b-topo. trigger
in Run 3 must contend with many more candidates than the Run 1/2 equivalent. This
arises both from the removal of the LO trigger enabling more soft candidates to enter
HLT2 and from the higher pile-up in collisions in Run 3. To address this, the mixture
of decay channels was revised. Additionally, requirements of monotonicity on the pr
of the 2-body combination and sum of pr over its constituent final-state particles were
removed, as were the equivalent requirements for the 3-body combination in the 3-body

NN.

To understand the low efficiencies at high lifetime, the correlation of the input features of
the NNs with the lifetimes of the candidates were studied in the signal and background
samples. In most variables, no abnormal or unexpected correlations were seen; however,
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when plotting events in the space of the minimum XI%‘D of the final state tracks vs two-
body lifetime, as in Fig. events are observed with a low minimum X%D of final state
tracks low for all lifetimes in the background sample. In contrast, no such distribution
is seen in the signal sample. As a result of this, the signal purity decreases rapidly at
high lifetimes, with the NNs consequently learning this behaviour and rejecting a dis-
proportionate fraction of high lifetime events. The source of this background is believed
to originate from combinations of tracks with a low Y%y, originating from different PVs,
such that these candidates appear to have high lifetimes.
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Figure 5.18: Histograms in the space of minimum yZp, of final state tracks and two-body
candidate lifetime in the background and signal training samples.

To mitigate the effect of this background on training, the distance correlation approach
in Ref. [161], directly removes the correlation between the NN response and the lifetime
by incorporating an explicit term in the loss. The BCE loss function in Eq. is
modified to include a penalty term to decorrelate the decay time, 7:

L= —% Z [yilog (9:) + (1 — yi) log (1 — §:)] + A - dCor(g, 7)., (5.7)

wherein A is a tunable parameter and dCor is given by

dCov (g, 1)

dCor(g,7) = J/dVar(j) dVar(r)’

(5.8)

in which ¢ is the NN response, dCon(y,T) is the distance covariance per Ref. \\
and dVar (i) are the distance variances defined as dVar(i) = dCov(i,7). The distance
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covariance is defined such that it is 0 if its terms are indepdendent. This modification
propagates to the gradient of the loss as

0L  OLpcr N A@dCor(y,T)

o0 00 00 ’

such that any correlation between the NN response and 7 is penalised in the training.
Whilst A would typically require tuning to provide an optimal degree of penalisation, the
exponentially decreasing nature of the background with decay time provides an inherent
robustness to the scale of .

(5.9)

In the course of this retuning, the process by which the thresholds on the NN responses
is determined was also consolidated. Whereas before the thresholds were determined
by processing of HLT1 -filtered samples with many instances of the trigger across a
range of thresholds, a refactoring of the b-topo. trigger separated the response of the
NNs from the HLT2 lines. This enables the inclusion of NN responses in the resulting
NTuples, allowing for samples to be processed with these thresholds set arbitrarily low
and then artificially raised in a simple post-processing step. Not only does this reduce
the time taken to optimise these threshold as only a single instance of the b-topo. trigger
need be included in the processing, this also enables for a continuous optimisation of
the thresholds, which in turn means that samples need not be reprocessed to determine
threshold to a higher precision.

The consolidated optimisation procedure is as follows. The thresholds can be written
as ¢ = {ca, cou, c3, c3,} for the 2-body, 2-body muonic, 3-body and 3-body muonic
b-topo. trigger lines, respectively. As the thresholds are known to be below but very
close to 1, these are parameterised as ¢ = ¢(&) wherein & = {x2, dxa,, x3, 0x3,} to
improve the stability of optimisation. For the thresholds of the standard lines, these are
parameterised as

¢ =1-—10"", (5.10)

whilst for the muonic lines, the thresholds, which are looser than those of the standard
line by construction, are given by

Cip = 1 — 107 (@0, (5.11)

To quantify the combined rate and efficiencies of the b-topo. trigger for any set of pa-
rameters Z, MC samples of minimum bias and signal (specifically BT — J/ (™ ™) KT,
B — D*~utv,, B®— D™7" and BT — DY) were processed with no threshold ap-
plied to the NN responses, i.e., with only the preselection applied. The response of
the NNs on each event were then attached in the corresponding NTuples. If the rate
of events passing the preselection, Ry, is known (as can be computed from the HLT1
output rate), then the rate of the b-topo. trigger for a given # can be computed as

T(E(f)) = RO ' f(a(f))minbias
N(EZ)) minbi
= Rp - minbias 5.12
o+ M0 it (512)
wherein f(¢(Z)),inbias 15 the fraction of minbias events passing the preselection of any b-
topo. line (Np) which also pass any of the b-topo. lines for NN thresholds ¢(Z) (N (¢())).
As a proxy for the full efficiencies (i.e., those accounting for the preselection cuts), the
equivalent fraction in each channel i, f (¢(Z)),, is used, dubbed the pesudo-efficiency.
This can be used as the preselection cuts are independent of the threshold; the complete

efficiency in channel 4 is highest when f (&(Z)), is highest.
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An optimal set of thresholds would give the highest possible efficiency in a given chan-
nel at a specified rate/bandwidth. The optimisation of these thresholds can therefore
be constructed by maximising the efficiency over several decay channels, subject to a
constraint of the output rate to a target rate R within some threshold ar. Taking the
total efficiency over several decay channels to be a weighted sum, in which the weights
w; encode the subjectivity of the bandwidth allocation between two- and three-body
lines and standard and muonic lines, and the constraint on the rate to be Gaussian, the
quantity to be maximised can be written as:

S P2
l. = exp W : Z w;g; (E(X)). (5.13)

Re-expressing this as a minimisation problem for numerical stability, i.e., as L, =
—log ., the quantity to be minimised is

SN 2
L= W - logz wig; (€(T)). (5.14)

This minimisation was performed with iminuit, which provides a Python interface to the
Minuit2 minimiser [162[163], for rate working points R € [6, 18] kHz in 200 Hz intervals,
with a tolerance of ap = 25Hz applied throughout. To improve the stability of the
minimisation and to encourage monotonically decreasing (increasing) values of x4 and
x3 (r2, and x3,), the upper (lower) limit on each parameter for a given interval is taken
from the respective value obtained for the previous interval. Additionally, the lower limits
x9 and 3 are set to 90% of their values in the previous interval. This is necessary as the
system is highly degenerate: local minima exist in the cases in which the majority of the
bandwidth is allocated to the two-body or three-body lines alone. Discontinuities in the
thresholds could arise if two consecutive minimisations reach different local minima. A
similar degeneracy is also present between the standard and muonic lines. The system is
biased towards specific local minima based on the chosen values of w;: larger weights to
channels with many final-state particles induce a greater allocation of bandwidth to the
3-body lines; larger weights to channels with muons naturally induce a greater allocation
to the muonic lines. The weights chosen for this minimisation, listed in Table were
set to approximately balance these effects, with slight precedence given to the 2-body
lines and to the standard lines as these provide coverage to a broader group of decays.

Table 5.1: Per channel weights applied in the minimisation of Eq. for the optimisa-
tion of b-topo. trigger NN thresholds in 2025.

Channel Weight, w;
BY = Jp (Wrp ) KT 1/3
BY— D*~utuy, 2/3
Bt — DOr* 1
BY— D—rt 2

The rate-efficiency curves of the optimal parameters in each of the optimisation channelﬂ
are shown in Fig. The pseudo-efficiencies rise monotonically with increases in the

4These differ from a Pareto front in that these are not necessarily the maximal efficiency with respect
to the specific channel. Rather, these are the efficiencies in each channel for the parameters which
return the maximal total weighted efficiency, i.e., per Eq.
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output rate as expected, indicating that the optimisation does not move between the
degenerate minima discussed above.
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Figure 5.19: Efficiencies of the b-topo. trigger with optimised NN thresholds for rate
working points R € [6, 18] kHz. Statistical uncertainties shown are fully correlated.

The NN thresholds set in 2025 data-taking, determined according to an expected output
rate of 9kHz, are determined to be 0.98858 for the 2-body line, 0.98205 for the 2-body
muonic line, 0.99974 for the 3-body line and 0.99699 for the 3-body muonic line. Evalu-
ating these in more detail through the automated bandwidth testing, these correspond
to a total output bandwidth of the b-topo. trigger of ~8 GB/s.

Combined efficiencies in BT — J/ (utp~) K+ and B~ D~ 7" were computed in MC
simulated samples reflecting early 2024 data-taking for the 2024 and 2025 tunings of the
b-topo. trigger and these updated thresholds. These efficiencies, calculated in the using
HltEfficiencyChecker, in the space of the pt and lifetime of spruced candidates, are
shown in Fig.[5.20L A significant increase in efficiency for candidates with a high lifetime,
particularly at low-pr, is observed in both channels. Additionally, the global efficiency
appears to be slightly improved in the 2025 tuning.

5.2.2 Estimating trigger efficiencies

Typically, efficiencies of selections in analyses are calculated by applying the selection
to simulated signal, and taking the fraction of candidates passing the selection as the
efficiency. This approach is valid, provided that the properties on which the selection is
made are well-modelled in the simulated sample. This is not a generally true statement,
in particular for complex selections such as those on trigger decisions, which typically
depend on several selection cuts, including on the response of the particle identification
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Figure 5.20: Efficiencies of the 2024 and 2025 b-topo. trigger configurations computed
on 2024 MC samples.

systems, which are difficult to accurately represent in simulation. Therefore, another
approach, discussed in detail in Ref. |[164], is required to estimate the efficiency of trigger
selections.

The TISTOS method was devised to provide a data-driven alternative to evaluating
trigger efficiencies. Within this approach, events are categorised under a choice of a
selection(s) of interest (e.g., HLT1 or HLT?2 lines) and signal of interest (e.g., the B in
B — Jh (utp”) K):

o Triggered on signal, TOS: the signal candidate within the event is sufficient to
result in the line firing.

o Triggered independent of signal, TIS: another candidate in the event, independent
of the signal candidate, is sufficient to result in the line firing.

These categories are not mutually exclusive, with events labelled both TIS and TOS
henceforth referred to as TISTOS events. A further category, triggered on both, TOB,
covers events which are neither TIS or TOS, wherein a combination of the signal can-
didate and another candidate is required for a line to fire. The TOB category is not
discussed further as it forms a comparatively small proportion of events, estimated at
approximately 0.5 % of events in b-decay.

Quantitatively, an event is labelled TOS if at least 70 % of detector hits in the event are
also hits involved in the reconstruction of the signal candidate. An event is labelled as
TIS if any reconstructed candidate in the event has fewer than 1 % of hits in common
with the signal candidate. For composite particles, the hits from which these categories
are evaluated are taken to be the pool of hits involved in any of the subsequent child
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particles. For example, for a signal of the BT in the decay Bt — J/i (utp™) KT, the
pool of hits would be formed of any hits involved in the reconstruction of any of the u*,
p~ and K.

As described above, were all of the events, triggered or otherwise, present in the final
sample, then the efficiency of a given trigger selection could simply be constructed, per
Eq. as

NT‘rig.
NTot. .

ETrig. = (5.15)

However, Eq. [5.15|can be rewritten to contain, explicitly, the events in the TIS category:

Nrvig. N11s  Nyig,

Trig. =N T1s N1ot.  NtIs s ( )

wherein eTg is the efficiency of requiring events to be categorised as TIS. This too must
circumvent the requirement of Ny, though this can be accomplished by measuring eT1g
within the subsample of TOS events, i.e.,

NT1sT0S

5.17
Ntos ( )

ETIS|ITOS =

e1os can be defined analogously, measuring the TOS efficiency within the subsample of
TIS events. Eq. can be substituted for etrg in Eq. since e713 = €718 TOS within
accountable kinematic correlations, such that ety is formed of measurable quantities:

Nrvig. NT1sTOS
Nt1s  Ntos

5Trig. = y (5.18)

where Npis Nros/Nrtistos approximates Noog. .

This approach holds, provided that the correlations between the TIS and TOS subsam-
ples are indeed small. The signal and independent candidates generally arise from each
quark of the ¢g pairs produced in pp collisions, and thus are inherently correlated. Since
trigger selections typically make extensive use of kinematic and topological information,
these correlations can cause a bias in the trigger efficiency computed over all phase space.
This bias is demonstrated in Fig. where the transverse momentum of the BT can-
didate in simulated Bt — J/i (utp~) Kt events is compared with and without a TIS
requirement at HLT1 .

To mitigate any bias from these correlations, the efficiency, or more specifically Ny,
can be calculated in bins of the phase space of the signal candidate, such that

Nrvig. Nrvig.
g = s Nig (5.19)
N Ni Vi
ot. TIS”'TOS
Z Ni
i NTistos

For sufficiently small phase space bins, the kinematic-dependent correlation and its sub-
sequent bias becomes negligible. This is demonstrated in Fig. , wherein etyg. for the
BT in simulated BT — J/) (uTp~) KT decays is estimated using a variety of binning
schemes, splitting the phase space in total and transverse momenta. As the binning
becomes increasingly granular, the relative bias, i.e., the difference between e, and
the true efficiency, is decreased to below a 1%-level effect.
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Figure 5.21: Comparison of BT — J/i (uTp~) KT 2024 MC samples with no selection

applied and with a TIS requirement from Ref. [164].
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Figure 5.22:  Comparison of emig (per Eq. [5.19) with true efficiency in
BT — JAp (uTp~) KT Run 2 MC samples over increasingly granular phase space bin-
nings from Ref. [165].

The TriggerCalib software package

The TriggerCalib software package, of which the author is the main developer, is a
centralised implementation of the TISTOS efficiency calculations, providing a set of
Python-based tools for use in LHCb physics analyses . The package enables the
evaluation of trigger efficiencies directly on data and is intended for use in high-statistics
channels with well-understood backgrounds. These trigger efficiencies are stored as com-
mon Root objects such that they can be seamlessly integrated into physics analyses
and manipulated for purposes such as corrections to MC. Analysts can specify a binning
scheme in which efficiencies are to be evaluated, with this being used both to provide lo-
cal efficiencies across the binning scheme and the integrated efficiency, applying Eq.
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to these local efficiencies.

TriggerCalib supports three methods of background mitigation, i.e., subtraction or mod-
elling of background contributions, each relying on a discriminating variable to separate
signal from background, and thus to provide pure yields to Eq. [5.18|

The first, and simplest, method of background separation supported by TriggerCalib is
sideband subtraction. The density of background, p, is estimated within one or more
windows in the discriminating variable, i.e.,

Z N‘ti)kg.
i
p= (5.20)
Z A%)kg.
i

for windows A{)kg. containing Nékg. events. The signal yield, or more specifically, the
background-subtracted yield within some window Ag;g , is then given by

Nsig. = NTrig. - pAsig.- (521)

Provided that the background is well-behaved, i.e., approximately linear, within the
signal window, the sideband windows can be chosen to appropriately estimate the
background to be subtracted. However, this approach is too imprecise to be used for
more complex background distributions, particularly those involving a peaking structure
within the signal window.

The second method implemented in TriggerCalib is the fit-and-count method, as de-
scribed in Section in which an extended negative log-likelihood fit is performed to
the discriminating variable in each of the bins and each of the yield categories (triggered,
TIS, TOS and TISTOS). This exploits the understanding of background components to
effectively and precisely separated between signal and background, and indeed between
backgrounds if multiple backgrounds are present. Both the RooFit and zfit
statistical analysis frameworks are supported for fitting, with the interface intention-
ally developed to be agnostic to the source of observable and PDF objects. However,
performing likelihood fits in every bin can be time-consuming and computationally ex-
pensive, and ensuring that all fits converge can be difficult for finely-grained binning
schemes.

The third and final method implemented in TriggerCalib is the sPlot method, in which a
single likelihood fit per yield category is performed globally, and per-event s Weights are
extracted from the resulting distributions . This greatly reduces the number of fits
which must be performed, from 4N to 4 for N bins, though this approach is only valid if
the discriminating variable is independent of the control variables (or if any correlation
cancels in the ratios between terms). Two tests of this, as prescribed by Ref. , are
implemented in the package.

Firstly, a hypothesis test can be performed to confirm or reject whether the shape of the
discriminating variable distribution is independent of the control variable(s). This test
involves splitting the sample into two subsamples, defined as either side of a threshold
in a control variable. Two fits to these subsamples are then constructed, using the
model intended for use in computing sWeights: the first is a pair of independent fits,
one to each subsample; the second is a simultaneous fit to both subsamples, with the
parameters defining the shape of the distribution shared across the two subsamples. The
corresponding likelihoods can be labelled as L1 and Lo, respectively, which correspond
to the null hypothesis, H°, that the control and discriminating variables are independent,
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and an alternate hypothesis where the variables are dependent, H'. A (Q-statistic is
defined from these likelihoods as

Q = —2-(Insup{Lpyo} — Insup{Lpy1}), (5.22)

from which a p-value can be extracted from the x? distribution with N* ' NHo degrees
of freedom, and used to reject or confirm HP.

Alternatively, and arguably more simplistically, the dependence of the discriminating
and control variables can be tested by examining the Kendall rank correlation coefficient,
T . Taking pure signal and background samples, e.g., signal MC and a subsample
of data from a sideband region, 7 can be evaluated between the chosen control variable
and discriminating variable in each sample. A p-value can be extracted against the null
hypothesis that the variables are uncorrelated, i.e., 7 = 1, and used to accept or reject
this. The null hypothesis must be accepted in both the signal and background samples
for the sPlot method to be valid.

It is not improbable that small correlations between the control and discriminating
variables, cancel in the ratio of the efficiency, and thus do not result in a bias. This can
be tested by comparing the resulting efficiencies from the sPlot method with those of
the fit-and-count approach. It may be necessary to evaluate the latter in a more coarse
binning scheme, to ensure that all bins are well-populated and that all fits converge.

The three background mitigation methods were evaluated on MC simulated samples of
Bt — Jhp (utp~) Kt decays with a toy combinatorial background injected, as shown
in Fig.[5.23] The efficiencies returned by each method were consistent with one another,
with exact consistency between the RooFit and zfit implementations. The uncertainties
on efficiencies computed with the fit-and-count and sPlot methods are slightly larger than
those computed with sideband subtraction, as these incorporate statistical uncertainties
in the fitting, 7.e., from correlations between the floating parameters, as discussed in
more detail in the next section.
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Figure 5.23: Comparison of background mitigation methods from Ref. [164].

Along with carefully considering how trigger efficiencies should by evaluated, the statis-
tical and systematic uncertainties must be similarly carefully considered.

Handling of statistical and systematic uncertainties

Turning our attention first to the statistical uncertainties, for a generic efficiency e, with
numerator n and denominator NN, then a naive propagation of Possion uncertainties
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would yield statistical uncertainties of

O =€/ =+ —. (5.23)

This breaks down in the two extrema of n = 0 (¢ = 0) and n = N (¢ = 1) [170].
We must therefore turn to a more detailed treatment of the statistical uncertainties, or
more specifically, of the interval at 68% confidence around the estimated efficiency. In
particular, we look to the Wilson score interval introduced in Ref. .

The Wilson score interval considers true and measured efficiencies, € and &, respectively.
Under the approximation of the normal and binomial distributions, the half-width of the
normal distribution at a confidence of 1 — o, 2z, (24 = 1 for a = 0.68) can be stated as

)2
2 (E—€)
~ , 5.24
% Var €) (5:24)

Incorporating the variance of the binomial distribution, which is given by

£(1-2¢)
Var (§) = ——= 5.25
ar (6) = -, (5.25)
one can arrive at the intervals above/below &, €4, of
R 1 . 22 z . 22
eizsia&i:@ 5+ﬁiﬁa N5(1—5)+:). (5.26)

This method provides coverage into the extrema from before, and, by considering the
interval around £, results in asymmetric uncertainties which properly reflect the manner
in which € may fluctuate.

This approach still relies on the statistical uncertainties on the numerator and denomi-
nator being Poissonian; however, there are two cases relevant to the TISTOS method in
which this is not strictly true:

1. The terms may contain non-Poissonian contributions, e.g., through correlations
in fitting, the uncertainties on the numerator/denominator may not be perfectly

Vi/VN.

2. In Eq.[5.19] the denominator is not a single counted term, so much as a combination
of overlapping counted terms.

Considering the second point, we must take care to account for the overlap between the
categories in the denominator of Eq. Taking the approach laid out in Ref. [165],

the denominator can be written as a combination of statistically independent terms:

NﬁsN%os _ (@ +9) (B +9")
Ntrsros (’Yi)2 7

(5.27)

i i i i _ N\ i i _ N\ ot
uncertainty on the denominator can then be written as

; -\ 2 . o\ 2 N2
9 B 9 B 62 +,YZ 9 a’L _"_ ,Yl 9 aZIBl 9
UNTot. - ZO—N%OL - Z ( 77/ Jai + ,.)/Z 0',81 + 1 - 72 O',Yi. (528)
(2 (2

,}/’L

108



5.2 Development and performance of selections for the Run 3 software trigger

As to incorporating this and other non-Poissonian contributions to the statistical un-
certainties on the yields, Ref. [172] provides a solution. The measurement of 7 can be
related to the true value n as

i =mn+ z1vn + 200, (5.29)

wherein z; are separate random numbers with E [z;] = 0, E [2?] = 1 and o} describes
the contribution to the variance from non-Poissonian contributions. In this case, the
variance on 71 can be written as,

Var (7) = n + of, (5.30)

where 7. can be substituted for n, provided that 7 is a sufficiently accurate estimator of
n. Incorporating this in the variance of £ and recomputing the Wilson score interval,
the generalised Wilson interval is, as per Ref. [172], given by

1 22 2b
£l = — <5+0‘ (12 "’)i
2 o2 ok 2N N
14 (1- e

Za | 4 . 22 T bR
Na &2 (U%,b+012\/,b_N) +5(N_20721,b) —l—ai’b—l——o‘ (1—4” .

(5.31)

4 N2

In the case of the efficiency described in Eq. the corresponding non-Poissonian
contribution to the variance of each yield can be described as

U%‘rig.,b = Jg[‘rig. — Nrvig, (5.32a)

%ot = 0o, — Not. (5.32b)

where all quantities except for orot. are measured directly, and oo, can be obtained via

Eq.

The systematic uncertainties on a trigger efficiency are inextricably linked to the channel
of interest, and thus there is no concrete method by which to estimate them. However,
the leading contributions to these systematic uncertainties are the choice of the tag
(typically TIS) selection, the choice of phase-space variables and binning, and the choice
of background mitigation.

To estimate the effect of each of these, analysts should estimate their efficiencies whilst
varying the approach taken. In the case of the choice of TIS selection, an alternative
selection can be used, and the resulting trigger efficiencies compared with the nomi-
nal trigger efficiencies. A similar approach can be taken for the choice of phase-space
variables and binning. An alternate choice of variables can be applied, and the granu-
larity of the bins varied, to obtain an alternative efficiency for comparison. Finally, for
the choice of background mitigation method, the choice of alternate method is entirely
analysis dependent, i.e., the alternative method can only be applied if the channel of
interest satisfies the requirements for the approach to be valid. For example, sideband
subtraction would not be applicable for a channel with peaking background beneath the
signal distribution in the discriminating variable; however, fit-and-count and the sPlot
method could be compared, provided the discriminating and control variables are not
strongly correlated.
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5.2.3 Inclusive trigger efficiencies in 2024 and 2025 data-taking

With the selections of HLT1 and HLT2 developed, and in many cases redeveloped,
the final step in commissioning these selections is to evaluate and understand their
performance, namely their efficiencies, during data-taking. Of particular importance are
the inclusive triggers at HLT1 and HLT2 which provide the majority of the selected
events. The TOS efficiencies of the combined HLT1(Two) TrackMVA were evaluated in
early 2024 data (reported in Ref. [173]), late 2024 data, and early 2025 data (reported
in [174]). Similarly the TOS efficiencies of the combination of HLT1(Two) TrackMVA with
the HLT2 b-topo. trigger were evaluated in late 2024 data and in early 2025 data in
(reported in Ref. ) This section presents the approach by which these efficiencies
were estimated and evaluates these against their equivalent efficiencies in Run 2.

All efficiencies from 2024 and 2025 data discussed in this section were computed using
TriggerCalib, binning in the pt of b-hadron candidates and applying sideband subtrac-
tion to remove background. The 1.2fb~! Block 1 dataset from Table in Appendix
of pp collision data taken at pu = 4.4 is taken to represent early 2024 data-taking. The
0.74 fb~! Block 7 dataset and 0.44 fb~! Block 8 dataset from Table taken at yu = 5.3
represent late 2024 data-taking for the HLT1 and the combined HLT1 and HLT2 effi-
ciencies, respectively. The 1.74fb~! magnet-up 2025 dataset from Table taken at
© = 5.3 represents early 2025 data-taking. FEfficiencies with respect to muonic, elec-
tronic and hadronic final states are represented by the decays BT — J/ (utp~) KT,
BT — Jh (eTe”) KT and B — D~ nt, respectively, in which the efficiencies are studied.

Efficiencies of HLT1 were computed on NTuples produced from the direct output of
exclusive HLT2 lines for each channel, using HLT1(Two) TrackMVA as both TIS and TOS.
In each case, these are compared with the product of the efficiencies of the correspond-
ing LO trigger (LOMuon/LODiMuon for muonic modes, LOElectron for electronic modes,
LOHadron) and HLT1(Two) TrackMVA in Run 2, as taken from Ref. [62].

Combined HLT1 and HLT?2 efficiencies were computed from the output of Sprucing
lines corresponding to each channel. For both TIS and TOS, HLT1(Two) TrackMVA was
taken at HLT1; at HLT2 HLT2Topo{Two,Three}Body was taken. Similarly to the HLT'1
efficiencies, these are compared with the products of the respective L0 trigger, HLT1
and HLT2 efficiencies in Run 2 taken from Ref. .

Trigger efficiencies in HLT1

The HLT1(Two) TrackMVA efficiencies are studied over the course of data-taking in 2024
and 2025. This provides an insight into the performance of the LHCb detector up-
grades in concert, and comparisons of these efficiencies with one another demonstrate
the relative improvements made to the trigger over this period. Firstly, the efficiencies
of HLT1TwoTrackMVA in early 2024 data are shown, alongside their equivalent efficiencies
incorporating the LO trigger in Run 2, in Fig. In muonic, electronic and hadronic
b-hadron decay modes, the Run 3 trigger outperforms the Run 2 trigger, returning higher
efficiencies in every pt bin. In all three cases, the greatest gains are made for the softest
b-hadron candidates, candidates which had previously had been discarded by the LO,
which favours high Et signatures.

In BT — Jip (utp~) K, this improvement is smallest as the additional information
from the muon stations enabled the LOMuon trigger to operate efficiently even at increased
instantaneous luminosity, as shown in Fig. in Section [5.1.2, The efficiency, particu-
larly at low prp, is nonetheless improved in muonic modes. In BT — J/ip (eTe”™) KT, a
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Figure 5.24: HLT1(Two)TrackMVA efficiencies for muonic, electronic and hadronic b-
hadron decays in early 2024 data, shown in red. Equivalent efficiencies in Run 2 (the
product of respective L0 trigger efficiencies with those of HLT1) are shown in blue. The
distribution of b-hadron candidates produced in pp collisions which lie within the detec-

tor acceptance, taken from MC, is overlaid in grey. Figure is taken from Ref. [173].
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5 A 30 MHz LHCb software trigger for Run 3

much greater improvement in the efficiencies is observed. Again, the greatest improve-
ments are seen at low prp, with improvements of ~ 4x observed in the lowest pp bins.
The greatest increase in efficiency with respect to Run 3 is observed B® — D~ 7", where
the efficiency in the lowest p bins is improved by ~16x. Large improvements are seen
even for b-hadron candidates with pr > 10GeV/c. The improvement in the efficiency
integrated over pr(B) is approximately 3x. Assuming that the relative improvement in
HLT1 efficiency is the same for B — D=7 " is B — D;n%, this alone would improve

the precision on (A} ,0eq) by ~70%.

These efficiencies conclusively demonstrate that the Run 3 LHCb trigger can select events
in real time at 30 MHz at significantly higher efficiencies than the Run 1/2 trigger. The
upgrade of the trigger therefore fulfils the purpose of ensuring that LHCb can capitalise
on the increase in instantaneous luminosity between Run 2 and Run 3.

Towards the end of 2024 data-taking, the event multiplicity was increased from p = 4.4
to u = 5.3. Busier events are more computationally demanding to process, which would
typically require a change in trigger configuration to maintain the same throughput and
output rate, e.g., tighter selection requirements. However, the addition of a third GPU
per-EB node in August 2024 provided an increase in the HLT1 throughput ahead of this
increase in multiplicity and enabled a more performant reconstruction algorithm to be
run. To understand the impact of these changes, the HLT1 efficiencies were evaluated
for late 2024 data, as shown in Fig.
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Figure 5.25: HLT1(Two) TrackMVA efficiencies for b-hadron decays in late 2024 data (red).
As in Fig. the equivalent Run 2 L0 and HLT1 efficiencies (black) are overlaid.

Despite the increase in multiplicity, which normally would be expected to reduce the
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5.2 Development and performance of selections for the Run 3 software trigger

trigger efficiency, the efficiencies in all three modes remain high, at comparable values to
those shown in Fig. In addition to demonstrating that HLT1 is capable of operating
with a high efficiency at nominal data-taking conditions, i.e., ; = 5.3, this also shows
that the trigger scales well with the addition of computing resources.

Between the end of 2024 data-taking and the recommencing of data-taking in 2025, im-
provements were made to the UT improving the hit efficiency. The additional UT hits can
be used to provide a better fit of the tracks, particularly for softer tracks which are harder
to determine due to their smaller curvature. The efficiencies of HLT1(Two) TrackMVA in
each mode are once again evaluated, using samples of pp collisions from early 2025
(n = 5.3), shown in Fig. As anticipated, the performance of HLT1 at low pr is
improved with respect to Fig. further maximising the gains made by removing the
LO trigger.
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Figure 5.26: HLT1(Two)TrackMVA efficiencies for b-hadron decays in early 2025 data
from Ref. |[174]. As in Fig. the equivalent Run 2 LO and HLT1 efficiencies and pr
distribution of b-hadrons in the LHCb acceptance are overlaid.

Trigger efficiencies for HLT1 +HLT2

The combined HLT1 (Two) TrackMVA and HLT2Topo{Two,Three}Body efficiencies are also
studied in 2024 and 2025 data. These efficiencies can be used to understand the per-
formance of the full trigger chain (HLT1, HLT2), to compare against the equivalent
performance of the full Run 2 trigger chain (L0, HLT1, HLT2), and to quantify the
contribution of the b-topo. trigger to the trigger efficiency.

The efficiencies of HLT1 and HLT2 together, evaluated in late 2024 data, are shown in
Fig. Whilst the efficiencies reported for 2024 are generally higher than their Run 2

113



5 A 30 MHz LHCb software trigger for Run 3

equivalents, improvements at low b-hadron pr are diluted by the efficiency of the b-topo.
trigger. As described in Section inefficiencies in the b-topo. trigger, both globally
and locally at high candidate lifetimes, motivated the retuning of the b-topo. trigger
early in 2025.
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Figure 5.27: Combined HLT1(Two) TrackMVA and b-topo. trigger efficiencies for b-hadron
decays in late 2024 data Equivalent efficiencies from Run 2 (the product of those of the
L0, HLT1, and HLT?2 triggers) are shown in black.

To confirm the improvements to the b-topo. trigger efficiencies brought about by the
retuning described in Section the equivalent efficiencies were evaluated in early
2025 data, as shown in Fig. Increases in the trigger efficiency are observed in
all three channels, with the greatest improvement seen in B® — D~xt. The trigger
efficiencies at high b-hadron pr are generally very similar between late 2024 and early
2025; however, significant improvements are seen at low p. In particular, the efficiencies
of the lowest pr bins in B — D~xT are improved by a factor of almost 2. Whilst these
improvements are notable, a dilution of the improvements made by removing the LO
trigger is still present; work on identifying and mitigating the sources of inefficiencies at
low pr, in the b-topo. is ongoing at the time of writing.

From the efficiencies reported above, it is concluded that the retuning of the b-topo.
trigger successfully improved the b-topo. trigger efficiencies across the LHCb physics
programme in general and in hadronic modes in particular. These increases are in
addition to the improvements to the efficiencies at high-lifetime discussed in Section[5.2.1]
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Figure 5.28: Combined HLT1(Two) TrackMVA and b-topo. trigger efficiencies for b-hadron

decays in 2025 data from Ref. [174]. Corresponding Run 2 efficiencies and b-hadron pr
distributions are overlaid per Figs. & respectively.

115



5 A 30 MHz LHCb software trigger for Run 3

5.3 Conclusion

The upgrade of the LHCDb experiment saw sweeping changes across the detector and
trigger, centred upon the removal of the LO trigger. The real-time approach applied
to the trigger was successfully implemented and has demonstrated that it is capable of
processing data at the 30 MHz pp collision rate. Beyond simply being capable, the results
produced in the course of this work show clearly that the Run 3 trigger has realised, and
in many cases exceeded, the anticipated trigger efficiency improvements .

Measurements performed with the Run 3 LHCb data, particularly statistically-limited
measurements, stand to gain from the improvements in trigger efficiencies, e.g., an im-
provement of ~ 70% in the (Aj,epeq) OPservable from these improvements alone as
described above. However, these improvements can only be realised if these data, and
the effects of the upgraded detector and trigger within, are studied and understood.
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6 Measurement of r;,, in 2024 LHCb
data

With the upgraded detector and trigger commissioned, it is crucial to demonstrate that
LHCb can perform high-quality physics analyses with the recorded data. To this end,
measurements are performed with this data, aiming to understand detection, recon-
struction and selection effects in the data and how these are reflected in equivalent MC
simulated samples, and to validate that the approaches and techniques intended for Run
3 analyses are indeed applicable.

The author’s contributions have been primarily to the data-MC corrections, particularly
those of the trigger efficiencies. As this measurement is ongoing, this chapter reflects
the status of the measurement at time of writing.

6.1 Analysis strategy, samples and selections

This chapter discusses a measurement of the ratio between the BT — J/) (utp~) K+
and Bt — J/ip (ete”) K integrated decay rates, known as 7, in 2024 LHCb data, of
which the author is a proponent. This quantity is a precursor to the equivalent quantity
for the rare Bt — K™¢*¢~ modes, Rx (discussed in Section both directly and
indirectly.

Directly, Ry is typically constructed as a double ratio for a given ratio in the dilepton
invariant mass, ¢> € [qg, qg], e.g., as in Ref. :

qf di(BT—K*putpu~)

dq?

2 2\ _ q dg

Rk (qz,q) = @ dT(Bt—K+tete~) ; o
i M

 N(Bt o Krutpr) / = (BT = Jf (pT) K¥) (6.1)

N
- Y(Bt— Ktetem) | Y(Bt— Jpp(etem)KT)’

€

T /b

wherein N/e is the yield of a given decay, corrected by dividing by the corresponding
efficiency to detect, reconstruct and select the decay. This is used as many of the
systematic uncertainties involved in measuring the efficiencies cancel in the double ratio,
reducing the scale of systematics from ~5% to below 1%.

Indirectly, 7/, provides a high-statistics proxy in which to understand effects such
as offline selections and efficiency corrections. This relies on the fact the decays of
Bt — Jjp (¢1¢7) KT proceed so readily in the SM that any small NP contribution
would have a negligible effect on 7 7/,. It can thus safely be assumed to be 1; any ob-
served deviation from this would indicate issues with the analysis techniques, rather than
the presence of NP. It is on this same basis that the measurement described here can be
used to validate the analysis techniques which would be applied to the rare modes in an
equivalent measurement of r Jhb-
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6 Measurement of 1y, in 2024 LHCD data

As the dimuon mode, which lies in the numerator of 7, is more readily reconstructed
and selected, it can also be experimentally advantageous to instead measure the recip-
rocal, rj/llb:

1 N(Bt—= Jjip(eter) K*)/ e(BT— Jhp (ete”) KT) (6.2)

T N(BY S I (wt i) KT) | e(BY = I () K ).
The former are extracted from pp collision data collected in 2024 and subject to a set
of offline selections (described in Section by performing negative log-likelihood
fits to the BT mass, as laid out in Section The latter are determined from MC
simulation, correcting for differences between data the simulated samples. Determining
these data-MC corrections is non-trivial and is thus described in detail in Section 6.3l

6.1.1 Data samples and trigger selections

This measurement examines the 2024 LHCb pp collision data from blocks 1 and 5-8, as
listed in Table in Appendix Bl which correspond to a total integrated luminosity of
~4.5fb~ 1. Blocks 2-4 were not considered for this measurement as the trigger and re-
construction configurations were significantly different to the more stable configurations
of the other blocks.

At HLT1, either HLT1TrackMVA or HLT1TwoTrackMVA, is required to trigger on (TOS) the
BT candidate. At HLT2, candidates in the dielectron and dimuon modes are required to
pass H1t2RD_BuToKpEE and H1t2RD_BuToHpMuMu_Incl_Bp, respectively. The cut-based
selection requirements applied in each line are listed in Table & in Appendix|[C.1]
The data samples are drawn from the output of these HLT2 lines, which record events
to the Turbo stream.

Candidates are reconstructed by forming a good quality vertex (the J/i)) from a pair of
long tracks subject to loose PID requirements identifying the tracks as either muons or
electrons. The properties of reconstructed electrons are highly dependent on the amount
of bremsstrahlung emitted between their production and detection. Electrons are there-
fore categorised based on whether the electron has associated recovered bremsstrahlung
photons (described in Section . An additional long track is attached to form an-
other vertex (the B1), where in H1t2RD_BuToKpEE this track is subject to loose PID
requirements identifying the track as a kaon. In H1t2RD_BuToHpMuMu_Incl_Bp, no such
loose PID requirement is made as the trigger line was developed to select B* — h/+t¢~
decays; a requirement is instead applied in the offline selection described in Section

To improve the resolution of the BT invariant mass, DTF is applied to compute the
BT mass from the final state particle kinematics within the constraints of the decay
topology . This is particularly important in the dielectron mode, where the BT
invariant mass is significantly broader due to the emission of bremsstrahlung.

MC simulated samples of BT — Jiy (¢¥47) KT and BT — J/p (¢747) K*%decays used
in the evaluation of efficiencies and determination of templates in the invariant mass fit
were produced for this analysis, and are subject to the same online data processing as
the data samples.
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6.1.2 Background contributions

The background contributions in reconstructing and selecting Bt — J/i) (£707) KT de-
cays arise through similar mechanisms to those described in Section[4.1.2l Combinatorial
background arises both from pairs of unrelated tracks to form the J/i candidate, and
from additional unrelated tracks attached to form the B™ candidate. The primary source
of background from misidentified final-state particles is of B* — J/ (¢7¢7) ntdecays,
which are CKM-suppressed with respect to B* — J/ip ((7¢7) KT and can be suppressed
to a negligible level by imposing PID requirements on the associated hadron. Decays of
BT — Jj (£+47) K*°, which proceed at a similar rate to BT — J/ ((7£~) KT, induce a
significant partially reconstructed background through candidates reconstructed missing
the 7~ from the K*0 .

Unlike in Section the presence of leptons in the final state introduce two forms of
background not discussed thus far. The first is the presence of semileptonic b-decays,
dominated by B— K/¢vX decays, which contribute a K* and ¢T to the candidate.
These candidates present in the dilepton invariant mass as broad structures centred at
~2000MeV: in the narrow dimuon invariant mass, a mass window can remove this; in
the much broader dielectron mass, it is only possible to remove this background with
a veto. The second of these backgrounds arises from the misidentifcation of the 7 of
a DY — K~rtdecay as a ¢+, with the K*/T then contributing similarly to the semi-
leptonic background. Finally, sub-tracks or copies of tracks, known as clones may cause
a track to be considered twice in the reconstruction , i.e., as the ¢* and K, though
this can be mitigated by requiring the opening angle between these particles to be above
a minimum value.

The presence of duplicate candidates in each event is assumed to be suppressed by the
selection described in the following chapter and thus no direct treatment is applied.

6.1.3 Offline selection

The background contributions discussed in the previous section are suppressed by apply-
ing cut-based selection requirements to the kinematic, topological and PID properties
of the final state and composite particles. These selection requirements are summarised
in Tab and discussed in detail below. Selections are kept as similar as possible be-
tween the two modes, such that many of the effects from selection efficiencies cancel in
Eq. These selections also seek to reduce differences in the selections applied by the
two HLT?2 lines. As far as possible, the selections are also defined independent of the
J/p (except for requirements on ¢?), such that the selections would also be applied for
the rare BT — K*/T/~modes.

Firstly, candidates are required to have a dilepton invariant mass (¢?) is required to
be compatible with the J/i) invariant mass. In the dimuon mode, the J/i invari-
ant mass peak is narrow and centred on the measured J/i) mass; a requirement of
Vq? — 3.0969 GeV < 0.150 GeV is applied to these candidates. In the dielectron mode,
the J/i invariant mass peak is much broader and features a long radiative left tail; a
window of ¢% € [6,11] GeV? is applied accordingly.

Requirements on metrics of particle identity are applied for both leptons and the K,
all of which are required to have corresponding hits in RICH1/RICH2. The former
are subject to requirements that electron candidates are within the ECAL acceptance
and that muon candidates have corresponding hits in the muon stations, in addition to
requirements on PID. and PID,, to suppress particle misidentifcation (primarily from
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6 Measurement of 1y, in 2024 LHCD data

Table 6.1: Summary of selection requirements.

Decay mode Selection Cut applied
Trigger (HLT1 ) HLT1(Two) TrackMVA TOS on B*
Particle PID;, > 4 and ProbNNk > 0.2 for K+
identity hasRich = 1 for K+, ¢; and /s

Track quality

Xp > 9 for KT, 4y, b and Jf)

pr(€) > 500 MeV/c for ¢ and £

Both Final state
; min {pr (¢1) , pr (l2)} > 3GeV/c
particle
i : pr (K*) > 300 MeV/c
kinematics

p(K1) <2GeV/c

Semileptonic veto

m(K*(T) > 1880 MeV/c?

Clone veto K —/ opening angle > 1 mrad for ¢; and {5
Trigger (HLT2) H1t2RD_BuToKpEE
q* window ¢ € [6,11] GeV?
Jhp— ete” ].Electljon PID. > 2 for e; and e
identity inEcal
Charm |m(K*e¥ [as 7F]) — mpo| < 30 MeV/c? or
veto HasBremAdded(eT) = 0 and PID, > 6 for
Trigger (HLT2) H1t2RD_BuToHpMuMu_Incl_Bp
¢ window V@2 —3.0969 GeV| < 0.150 GeV
Jhp— pt .Muo.n PIDf > 2 for p1 and po
identity isMuon
Charm Im(K*eT [as 7F]) — mpo| < 30 MeV/c? or
veto PID, > 6 for pu~

pions). The latter are subject to selection cuts on PID; and ProbNNk, which suppress
backgrounds arising from misidentifcation of the kaon such as BT — Jjp (¢1¢~) = t.

The final state particles are also subject to requirements on kinematic and topological
variables, with the primary aim of aligning the selections on these quantities already
applied at HLT?2.

In addition to the global selection requirements discussed above, three vetoes are applied
in this measurement. To remove contributions from B — K/vX decays, the invariant
mass of the KTe~ combination is required to be above 1880MeV/c?; no equivalent
requirement is made in the dimuon mode as the K*pu~ invariant mass distribution
does not extend down to 1880 MeV/c?. Contributions from misidentified D° decays are
suppressed by applying stricter particle identification requirements to candidates for
which the K¢~ [as 7], where £~ [as 7] is the respective lepton with the pion mass
hypothesis assigned, invariant mass falls within 30 MeV/c? of the measured D° mass. In
the dielectron mode, this requirement is that the electron of the K e~ pair must have
no associated recovered bremsstrahlung and that it has PID, > 6; in the dimuon mode,
this requirement is that the muon of the K*p~ pair has PID,, > 6. Finally, clone tracks
are removed by enforcing that the opening angle between each lepton and the K is at
least 1 mrad radians.
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6.2 Extraction of yields

6.2 Extraction of yields

The yields in each mode are extracted by means of negative log-likelihood fits to the BT
mass as computed with DTF. Models of the BT mass in each mode are constructed as
the sum of three components: signal, and the combinatorial and partially reconstructed
BT — Jj (£+47) K*%backgrounds discussed in Section

The signal contribution is modelled by a single DSCB (Eq. in the dielectron mode
and the sum of a DSCB and Gaussian distribution in the dimuon mode, labelled as fi;g. .
These are fit to corresponding signal MC samples, as shown for Block 8 in Fig.
In the dielectron mode, the DSCB models the MC reasonably well, particularly in the
long radiative left tail. In the dimuon mode, the greater statistics require the additional
degrees of freedom afforded by the Gaussian component to provide a similarly suitable
description of the MC.
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Figure 6.1: Fits of signal template PDFs to respective Bt — J/i) (¢7¢7) K™ MC in each
decay mode.

The partially reconstructed background contributions cannot be modelled well analyti-
cally, as their resulting mass distributions are non-trivially related to the kinematics of
the missing pion. This component is therefore modelled by a one-dimensional kernel den-
sity estimator , implemented using Gaussian kernels as RooKeysPdf in RooFit .
This empirical model, labelled fpg, is fit to the BT — J/ (¢7¢7) K**MC samples in
each mode, as shown for Block 8 in Fig.

The combinatorial background is modelled by a single exponential distribution, labelled
feomb.- The initial values of £ in the fits to data are determined by fitting the combinato-
rial model to candidates in the upper m (B*) sideband: m (BT) € [5600,6000] MeV/c?
and m (BT) € [5350,6000] MeV/c? in the dielectron and dimuon datasets, respectively.
These ranges are sufficiently far from the signal distribution in each mode that only the
combinatorial contribution should be present. The combinatorial fits for Block 8 are

shown in Fig.

From these three components, the full invariant mass model in each mode is defined as

ftot. (B+) = Nsig.fsig. (B+> + Ncomb.fcomb. (B+) + NPRfPR (B+) ’ (6'3)

where N; describes the yield of each component. The shape parameters of each distribu-
tion are fixed, except for the combinatorial exponent, which is allowed to float and starts
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Figure 6.2: Fits of RooKeysPdf to partially reconstructed B+ — Jjp (¢T47) K**MC
samples in each decay mode.
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Figure 6.3: Fits of exponential distributions to the upper m (B") sideband in data
samples in each decay mode.

from its value determined in the fit to candidates above the signal peak in m (B™). To
account for differences between the distribution of the BT mass in data and MC, namely
the position and resolution of peaking structures, the mean and width parameters of fg.
are modified in the fit to data by floating additive and multiplicative terms, respectively,
i.e., upc transformed as in Eq. in Section and the width parameters modified
as

Odata = OMC * fo- (64)
The mass models are fit to the BT mass over m(BT) € [5100,6000] MeV/c? in each
dilepton mode and data block independently, as shown in Fig. for Block 8 and
Fig. in Appendix for the other blocks. The yields extracted from each fit, and
their ratios, are listed in Table [6.2]

All fits converge and describe the data well. The combinatorial and partially recon-
structed backgrounds are difficult to disentangle as they overlap significantly at low
m (BT); however, this interplay appears not to affect the description of the signal sig-
nificantly. The ratios of the dielectron and dimuon yields in each component are fairly
stable, with the ratio of signal yields varying by only ~ 10% between the smallest and
greatest values.
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Figure 6.4: Fits to the BT DTF mass in Block 8 data samples. Corresponding yields
are listed in Table Equivalent fits in data blocks 1 and 5-7 are shown in Fig. [C.1]

6.3 Estimation of efficiencies and data-MC corrections

The efficiencies in each mode can initially be computed as the product of the geo-
metric acceptance efficiency (the proportion of generated particles which fall within
the LHCb detector acceptance), €acc.(€f) = Nacc.(€€) /Ngen.(¢€), and the efficiency to
reconstruct and select a BT — J/p ((T¢7) K candidate (taken as the ratio of re-
constructed and selected candidates to generated events in the LHCb acceptance),
Esel.(£0) = Nge1.(€0) /Nace. (£€). As these are entirely dependent on MC simulated samples,
the effect of differences between data and MC upon the efficiencies must be understood
and accounted for.

This measurement must correct for data-MC differences in the ¢ resolution (in the
dielectron mode), the efficiencies of track reconstruction, and the PID and trigger re-
sponses, the final state particle kinematics and the detector occupancy. The order in
which these corrections are computed and applied is shown schematically in Fig.

pp mode P
- .
L}
1 PID —
L}
e ! . Kinematics/ .
pmmmm—— ' Trigger }’[occupancy PID Trigger
L}
v Tracking | ——v
l\ ------ !

Tracking

Figure 6.5: Schematic of the order in which corrections to dimuon (blue) and dielectron
(yellow) MC samples are computed. Corrections with dashed and solid outlines are ob-
tained from calibration samples and data/MC samples of this measurement, respectively.

The kinematic/occupancy correction must be evaluated using the analysis data and MC
samples and is computed in the dimuon mode, as the difference between the recon-
structed and true momenta of the BT candidates is much larger in the dielectron mode.
This requires the corrections of the track reconstruction and PID efficiencies, which are
evaluated using calibration samples. The trigger efficiency corrections must be evaluated
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6 Measurement of 1y, in 2024 LHCD data

Table 6.2: Dielectron and dimuon yields from the fits in each data block (shown in
Figs. |[C.1] & [C.1)), and their respective ratios.

Block Quantity Bt — J/p ((T¢7) KT Part. reconstructed Combinatorial

ee yield 238230 £ 520 3840 + 150 29790 £ 200

1 pp yield 752840 £+ 890 192110 £ 600 100160 £ 420
Ratio 0.31644 £ 0.00078  0.01999 £ 0.00078 0.2974 £ 0.0024

ee yield 226300 = 500 4130 £ 150 30490 £+ 210

5  pp yield 760180 = 900 207300 £ 620 101210 £ 430
Ratio 0.29769 £ 0.00075  0.01992 £ 0.00073 0.3013 £ 0.0024

ee yield 189520 £ 460 3380 £ 130 25770 £ 190

6 pp yield 649030 £+ 830 176960 £ 580 86370 £ 390
Ratio 0.29200 £ 0.00080  0.01910 £ 0.00074 0.2984 + 0.0026

ee yield 134700 £ 390 2460 £ 110 18200 +£ 160

7 ppoyield 460420 £ 700 130630 £ 490 61810 £ 340
Ratio 0.29257 £ 0.00096  0.01883 £ 0.00085 0.2945 £ 0.0031

ee yield 78730 £ 300 1857 £ 93 10750 £ 120

8  pp yield 275740 £+ 540 78420 £ 380 36630 £ 260

Ratio 0.2855 £ 0.0012 0.0237 £0.0012  0.2935 £ 0.0039

directly from the analysis samples, with corrections for the PID and tracking efficien-
cies (and the ¢? resolution and kinematic/occupancy corrections in the dielectron mode)
applied to the MC sample.

The corrections of efficiency effects can be expressed as per-event weights, w;, determined
by the ratio between the efficiency as evaluated data and in MC, i.e.,

gz'
w; = —9Aa, (6.5)
g
MC

The application of the ¢? resolution and kinematic/occupancy corrections are described

in Section [6.3.2

Once these terms have been determined, the total efficiency, i.e., the efficiency terms in
Eq. [6.1] are computed as

Negt i i i
Z Wirack * WPID * Whrig. * Wkin.
1=
€tot. = €acc. * N , (66)
acc. .
Z Wiin
J=1

wherein the fraction is the selection efficiency corrected by the weights w;. The sum
in the numerator is performed over the reconstructed and selected candidates, whilst
the sum in the denominator is performed over the generated events within the LHCb
acceptance. This section lays out the evaluation of each component in Eq.[6.6, discussing
the geometric acceptance efficiencies in Sec [6.3.1], the data-MC correction terms in the
dimuon and dielectron modes in Section respectively, and the combination of these
in Section [6.3.3
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6.3 Estimation of efficiencies and data-MC corrections

6.3.1 Geometric acceptance efficiencies

The MC simulated samples used to evaluate the efficiency to reconstruct and select
events contain only the events which lie within the LHCb detector acceptance, i.e.,
those in which the final-state particles form an angle in the forward direction with the
beam axis between # = 10mrad (n ~ 5.3) and § = 400 mrad (n ~ 1.6). The rejection
of particles outside this range takes place at generator level and is reported for each
generated sample . The geometric acceptance efficiencies for each decay mode and
block are listed in Table Within statistical fluctuations, these are consistent between
ee and pp modes in each block.

Table 6.3: Geometric acceptance efficiencies, €ace. (€€), of both decay modes in each data-
taking block.

Block Eacc.(€€) Eace. (f11t)

1 0.17317 £ 0.00052 0.17456 £ 0.00049
0.17424 4+ 0.00052 0.17449 + 0.00052
0.17334 4 0.00051 0.17576 £ 0.00052
0.17284 4+ 0.00056 0.17405 =+ 0.00056
0.17345 4+ 0.00056 0.17272 £ 0.00056

0 3 & Ot

As the ratios of these efficiencies between the dielectron and dimuon modes are very close
to unity, this factor is neglected here, with the efficiencies reported hereafter evaluated
without this factor.

6.3.2 Data-MC corrections

As described above, the selection efficiencies in each mode must be corrected for dif-
ferences between the data and MC samples. Corrections are determined accounting for
these differences in track reconstruction, PID and trigger efficiencies, and kinematic and
occupancy distributions in both modes, and in the ¢? resolution in the dielectron mode.

Track reconstruction efficiency corrections

The tracking efficiencies are determined in data and MC samples from dedicated cal-
ibration samples of BT — J/p ((T¢7) KT per the tag-and-probe method applied in
Section in Run 2 and incorporated into the CalibMon monitoring framework in
Section in Run 3, wherein the tag lepton is reconstructed as a long track and the
probe lepton as a partial track, which is matched to long tracks in the event. The ef-
ficiency is extracted through a simultaneous fit to the dilepton mass spectra of probe
tracks which are and are not matched to long tracks, performed individually in bins of
the probe ¢* pr and 1. A map of the data-MC corrections is computed as the ratio
of the efficiency maps in data and MC. Only data-MC differences in the reconstructing
the lepton tracks are considered as, to first order, the data-MC differences in the recon-
struction of the kaon track should be identical between the two decay modes and hence
cancel in the ratio of Eq. For illustration, the correction maps for tracking efficiency
data-MC differences in each mode in Block 8 are shown in Fig.

The bins of both correction maps are consistently below 1, except for the highest bin
in pr and 7, though this is also one of the least well-populated bins. This indicates
that the track reconstruction is more efficient in MC, with the corrections providing a
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Figure 6.6: Data-MC correction maps for the efficiency to reconstruct each ¢* as a long
track in Block 8.

reducing to account for this overestimation. This affect is greater in the dielectron mode,
where the deviations from 1 are greater than those of the dimuon mode; this is shown
in Section to be ~5% per electron and ~2% per muon on average.

The correction maps are applied to each lepton in each event, matching the pt and 7
of these leptons to the corresponding bins in the map. The per-event correction factor,

i i : R N N
Wiacko 1S then computed as the product of these, i.e., Wi, 0 = Wiiack * Wirack-

PID efficiency corrections

Corrections to data-MC differences in the efficiencies of PID requirements are also eval-
uated from dedicated calibration samples, by the tag-and-probe approaches discussed in
Sections & and implemented in PIDCalib2 [104]. Similarly to the tracking
efficiency corrections, these are determined from the ratio of efficiency maps in data and
MC; however, as PID requirements are made on all final state particles, these corrections
must be evaluated per-particle.

The PID efficiencies of muons are determined with detached J/i) — u™p~ decays, those of
electrons with Bt — J/i (eTe™) K decays, and those of kaons with D** — D% decays,
all of which are evaluated in bins of the respective particle pr and 7. The PID efficien-
cies of electrons differ significantly depending on whether any recovered bremsstrahlung
photons are associated with the electron, hence the electron PID efficiencies are eval-
uated separately for electrons with and without associated bremsstrahlung. The sPlot
method is used to obtain the tag-and-probe yields for muons and kaons, whereas
for electrons, the strong kinematic dependence of bremsstrahlung effects in the back-
ground components requires a fit-and-count approach to be applied, as discussed in
Section As the kaon and muon calibration samples feature higher statistics, a
more granular binning scheme can be applied than is applied to the electron samples.
The resulting data-MC correction maps of electrons (in both cases), muons and kaons
in Block 8 are shown in Fig.

In most bins, except those of the kaon correction maps at high pr/n, the corrections
are again below 1, indicating that the PID efficiency is again overestimated in MC. The
correction maps of electrons with no associated recovered bremsstrahlung feature the
strongest correction factors, particularly for bins at higher 7. In contrast, the correction
maps of electrons with associated bremsstrahlung are very flat with values lying close
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Figure 6.7: PID efficiency data-MC correction maps from Block 8.

to 1. The muon correction maps are relatively flat for harder muons; however, an
n-dependent region of worse agreement at low pr is observed. On average, the KT
PID correction in both modes is ~ 1% and cancels in the ratio of Eq. The PID
corrections of each lepton are ~4% per electron and ~ 6% per muon, i.e., the dimuon
mode is corrected more strongly.

The correction maps are again applied to the MC samples to obtain per-particle per-
event correction weights. As for the tracking efficiency corrections, the per-event PID
efficiency corrections, wp, are calculated as the product of the per-particle weights in

i a4l de i KT
each event, wpip = Wpp - WP * Wpip -

Trigger efficiency corrections

Whilst the tracking and PID efficiencies can be determined from calibration samples,
calibration samples are not provided for trigger efficiencies (specifically those of HLT1),
as these efficiencies are sensitive to the offline selections applied. Instead, these are com-
puted on the analysis data and MC samples. As the trigger response in MC is sensitive to
other data-MC differences, the MC samples must be corrected for these differences. The
PID and tracking corrections discussed above are applied to both modes; in the dielec-
tron mode, the corrections to the dielectron mass resolution and kinematic/occupancy
corrections discussed later are also applied.

The HLT1 efficiencies are evaluated using TriggerCalib (described in Section and
in Ref. [164]), applying the TISTOS method to determine the efficiencies in the data and
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trigger /PID-correction weighted MC samples in bins of the BT pr and 5. Specifically,
these are the combined TOS efficiencies of the HLT1TrackMVA and HLT1TwoTrackMVA
trigger lines. As for the tracking and PID efficiency correction maps, the trigger efficiency
data-MC correction maps are taken as the ratio of these, such as is shown in Fig. in
Block 8.
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Figure 6.8: Trigger efficiency correction map in Block 8.

The trigger correction maps in the dielectron mode shows significant variation over the
B kinematics, with the greatest deviations from 1 arising at low pt and very low and
high 1. These are regions in which the trigger efficiency itself varies most rapidly (see
Section , though these are also amongst the most sparsely populated bins. For
harder B* candidates, and those further from the edges of the LHCb acceptance in 7,
i.e., where the trigger efficiencies are flattest, the corrections are also flattest and lie
much closer to 1. Averaging over the MC sample kinematics, corrections of ~ 2% are
obtained in both the dielectron and dimuon mode.

In the dimuon mode, the trigger efficiencies vary slightly less rapidly with pt and 7,
resulting in much flatter correction maps. Again, the greatest variations are seen in the
lowest bins in pr and n, where the variation in trigger efficiency is most rapid.

Dielectron mass resolution correction

The quality with which the dielectron invariant mass, or more specifically the resolution
of ¢%, is modelled in MC is highly dependent on the precision with which detector
effects and bremsstrahlung photons are modelled. Mismodelling of these factors can be
accounted for by smearing the ¢? distribution MC to improve the agreement with the
resolution measured in the data, incorporating the ratio of resolutions, f, = 0data/oMC,
and difference in positions, 6, = ftdata — pmc, of the dilepton invariant mass peaks
between data and MC. The smeared dilepton mass, Mgmeared, 1S then evaluated on a
per-event basis as

Msmeared = Mtrue + fo (mreco - mtrue) + 6u =+ (1 - fa) (NMC - mJ/@b) > (67)
wherein mgyye and myeco are the generator level (without final state radiation) and re-

constructed dilepton masses in simulation, respectively, and m j, is the measured mass
of the J/i, taken as (3096.900 % 0.006) MeV/c? from Ref. [5].
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6.3 Estimation of efficiencies and data-MC corrections

To extract the parameters gata,Mc and figata,Mc, and by extension f, and d,, NLL fits
to the reconstructed dilepton invariant mass in data and MC are performed. The signal
contribution is modelled by a DSCB and the combinatorial background contribution by
an exponential. To improve modelling accuracy, the fits, and consequently the smearing,
is performed separately for the cases where neither (0 brem.), only one (1 brem.), or
both (2 brem.) of the electrons have associated recovered bremsstrahlung. The fits are
performed for each data and MC sample and bremsstrahlung case in each block, with
these fits and their comparisons shown in Fig. The resulting values of J,, fo and

pmc are listed for all blocks in Table in Appendix
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Figure 6.9: Fits to the reconstructed dilepton invariant mass in each bremsstrahlung
case in Block 8 MC (top row) and data (middle row) samples, and their comparisons
(bottom row).

To validate that the smearing has the intended effect, the reconstructed and smeared
dilepton invariant mass spectra in the MC samples are compared to the s Weighted spec-
trum in data, as shown in Fig. for Block 8. Application of the smearing results in
a close agreement between data and MC, with the 0 brem. case in most agreement and
the greatest disagreement seen in the 1 brem. case. The resolutions of the distributions
and right-hand tails appear to agree well with the data; however, the far-left tail is still
subject to small data-MC disagreements.

The ¢? correction is incorporated into Eq. by applying the ¢? window described in
Section to the smeared ¢? distribution, which modifies Ny in the dielectron mode.
This modified the efficiencies in the dielectron mode by ~8%; as no equivalent correction
is applied to the dimuon mode, this correction has the greatest impact on the ratio of
efficiencies and, by extension, 7 .

Kinematic and occupancy corrections

Finally, the mismodelling of kinematic properties of the final-state particles and detector
occupancy in simulation is corrected by training a BDT classifier (the GBReweighter
algorithm from hep_m1 [119]) to divide the feature space into regions of similar data-MC
agreement. In this measurement, these features are taken to be the p, pr and 7 of the
BT candidate, and the number of PVs and long tracks present in the event. The score of
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Figure 6.10: Comparison of the reconstructed and smeared dielectron invariant mass
spectra in MC with the reconstructed dielectron mass spectrum in data, for Block 8.

a trained classifier on a given MC event is itself the per-event weight, wf{in, necessary to
correct for the data-MC differences; applying these weights to MC samples brings them
into closer agreement with the data. As the dimuon mode has higher statistics and
significantly narrower J/i and BT mass resolutions, the BDT is trained on the dimuon
data and MC samples, and applied to both modes. To factor out data-MC differences in
tracking, PID and trigger efficiencies, the respective correction factors (as derived above)
are applied to the MC samples included in the training.

The application of a BDT trained on the dimuon mode in Block 8 to the dimuon and
dielectron MC samples in Block 8 is shown in Fig. binned in one-dimensional
projections in pr and 7 of the B* candidate. The BDT brings the MC in both modes
into very good agreement with the majority of deviations between the corrected MC and
data appearing to arise in statistical fluctuations. The effect of this correction is ~ 1%
in the dimuon mode and ~2% in the dielectron mode.

6.3.3 Combination of efficiencies and corrections

The data-MC corrections determined in Sections[6.3.1]&[6.3.2] respectively, are combined
in each mode according to Eq. to give the corrected selection efficiency (as per
Section Eace. 18 neglected). The statistical uncertainties on the efficiencies must
account for the correlations between the corrections. A bootstrapping approach to the
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Figure 6.11: Application of the kinematic/occupancy correction BDT trained on dimuon
Block 8 data and MC (corrected for data-MC differences in tracking, PID and trigger
efficiencies), to Block 8 dimuon and dielectron samples.

statistical uncertainties is taken, wherein each event is assigned 100 weights, wgs, are
drawn at random from a Poisson distribution of mean 1 using a common seed dependent
only on the run number and event number associated with each event . These
can be incorporated for the reconstructed/selected and generated MC events, such that
Eq. [6.6] is modified to

sel . .
T
. Z wBSwtraCk wPID wmg Wiy,
€tot. — Eacc. - Noce, . (6.8)

If the approach is stable, the resulting distributions of values of ef should follow Gaus-
sian distributions. If this is the case, then the mean and standard deviation of these
resulting values can be taken as the central values and statistical uncertainties of each
efficiency, respectively.

The bootstrapping is performed across each data block and mode, with the resulting
relative uncertainties (defined as s* = (ak — E) /€) in Block 8 shown in Fig. 6.12, Both
distributions are Gaussian, with no clear skew to either side; the distribution in the
dimuon mode is notably narrower than that of the dielectron mode, owing to the higher
statistics in the dimuon mode in both calibration samples and the samples of this mea-
surement.
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6 Measurement of 1y, in 2024 LHCD data
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Figure 6.12: Distributions of relative uncertainties from bootstrapping approach applied
to the Block 8 efficiencies in each mode.

The effect of applying each correction factor one-by-one is studied by starting from an
efficiency in which all correction weights are set to 1, then allowing each to take its
respective value and determining the efficiency in each case. Performing precisely this
study, the efficiencies in the dielectron and dimuon modes, and their ratio, are shown
in Fig. [6.13] All statistical uncertainties evaluated in the study are computed via the
bootstrapping method described above.

In both modes, the application of each correction reduces the efficiency; this is unsur-
prising, as the correction maps shown above consistently demonstrate that each con-
tribution to the efficiency is overestimated in MC. Applying the corrections together,
the efficiencies in the dimuon and dielectron modes are reduced by ~ 19% and ~ 29%,
respectively. This results in an average modification of the ratio of efficiencies by ~10%.
The equivalent modification of the efficiency ratio in Run 2 was ~ 20 — 30% ,;
where the greater initial difference in the dimuon and dielectron modes was driven by
large data-MC differences in the LO trigger response.

6.4 Consideration of systematic uncertainties

The systematic uncertainties on the constituents of r;,, have not yet been evaluated;
however, this section lays out the systematic effects relevant to this measurement and
how these will be evaluated.

The primary systematic effect present in the determination of the yields arises from the
choice of model for each component. To estimate the scale of this effect, pseudoexperi-
ments can be generated replacing the model of each component one-by-one, and fits to
the generated datasets performed with both the nominal model and alternative model.
The relative difference between the two yields can then be taken as the corresponding
systematic uncertainty. Replacing the signal model evaluates effects in the resolution
description, particularly in the radiative tail of the dielectron signal. Replacing the back-
ground models evaluates whether these more empirical models accurately describe their
corresponding components.

In the efficiencies, systematic uncertainties arise primarily from the limited sizes of the
samples and the choice of binning scheme used to determine the correction maps. To
estimate the scale of this for each correction map, 100 maps are generated from the
original map, in which each bin is varied randomly within its statistical uncertainty.
The efficiencies according to Eq. for each of these varied maps, and the efficiency
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6.4 Consideration of systematic uncertainties
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Figure 6.13: Efficiencies in the dielectron and dimuon modes, and their ratio, for each
data block and for the successive inclusion of each correction factor.

ratio taken; the relative difference between the mean of these ratios and the equivalent
ratio evaluated in Section is taken as the corresponding systematic uncertainty. The
corrections can be treated as statistically independent, such that the total systematic
uncertainty on the efficiency ratios are taken as the quadrature sum of the systematic
uncertainties from each correction.

Further contributions to each correction should also be considered. In the PID correc-
tions, the choice of binning scheme (granularity and choice of variables) and correlations
with event occupancy not described by the calibration samples may also be significant.
For the tracking corrections, significant other contributions include differences in mo-
mentum resolution causing migration of events between bins, imperfect modelling of in-
teractions with the detector material, multiple scattering, and energy loss, and kinematic
dependence not fully described by the calibration samples. The trigger corrections, in
addition to the effects described in Section [5.2.2 may be dependent on event occupancy.
The choice of input features and reweighter used to determine the kinematic/occupancy
corrections should be studied. Finally, for the ¢? smearing, the modelling of the long
radiative tail in the dilepton invariant mass, the difference between cuts to the B™ mass
with and without the smearing applied, e.g., in HLT2, and statistical fluctuations in the
parameters of Eq. may all have an impact.
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6 Measurement of 1y, in 2024 LHCD data

6.5 Summary of results and conclusion

Bringing together the yields from Section and efficiencies/corrections from Sec-
tion 7y is computed (per Eq. for each block of data. The values of rj,
are shown, incorporating each correction factor from Section with corresponding
statistical uncertainties in Fig. The total correction of r;,, which is ~ 10%, is
much smaller than the equivalent correction in Run 2, as the removal of the L0 trig-
ger significantly reduces the difference in the kinematics of the dielectron and dimuon
modes.
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Figure 6.14: Values of 7, evaluated incorporating each correction from Section m
The equivalent is shown for the dielectron and dimuon efficiencies, and their ratio, in

Fig.

All results presented above are stated with their statistical uncertainties; the system-
atic uncertainties are still to be evaluated but will follow in due course. As previously
observed in Run 2, the systematic uncertainties associated with the measurement of a
single ratio can extend up to a scale of ~5%. With such a scale of systematic uncer-
tainty on 7/, (as is to be expected here), the values of r,, reported in Fig. would
all be consistent with 1. This systematic uncertainty is then reduced in a double ratio
measurement, and could be expected to lie at or below ~1%.

In its current status, this measurement already demonstrates that the application of
analysis techniques, especially those for determining corrections to the efficiencies and
decay properties, to the 2024 data can be performed successfully.
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7 Conclusion

This thesis follows the evolution of the LHCb trigger with two measurements. The
world-first measurement of <Afmtagged) was performed, discussed in Chapter , studying
the pp collision data collected by the LHCb experiment in 2016-18 to determine, in each

D7 decay mode,

(A ntagged) g pepr = (—1.2£6.2+1.0) x 1072,
<Aflntagged>ﬂ_ﬂ_ﬂ_ﬂ_ - (—04 Zl: 16 :l: 02) X 10_2,

These results agree extremely well with the SM expectation, i.e., consistency with 0,
deviating only by 0.19¢ and 0.25¢ in the K K7m and wmwm final states, respectively.
This sheds new light on the b— cuqg anomaly, as the strong agreement of these results
with the SM can be used to further constrain possible NP contributions, which had been
anticipated to induce CP asymmetries up to the scale of (9(10_2). The measurement
is statistically limited, with the statistical sensitivity suffering most notably from the
LO trigger efficiency (¢ ~ 40%) and the HCAL separation cut (¢ ~ 25%, necessitated
by L0). Removal of the hardware (LO) trigger, and hence both of these contributions,
could improve the statistical sensitivity by ~ 3x; incorporating also the increase in
integrated luminosity between Run 2 and Run 3, an equivalent measurement in Run 3
could potentially expect improvements of the statistical sensitivity of up to ~6x.

The upgrade of the LHCb detector, discussed in Chapter [5], saw, as a highlight, the
implementation of an entirely software-based trigger. Selection algorithms such as those
discussed were successfully deployed in the upgraded triggers, with the widespread use of
real-time monitoring ensuring that necessary retuning was performed as soon as possible.
The data-driven TISTOS method, implemented in TriggerCalib, was used to evaluate
the efficiencies of HLT1 and the HLT1-HLT2 combination in data taken in 2024 and
2025. The efficiencies of HLT1 in 2024 and 2025 are compared with their equivalents
in Run 2, i.e., including the LO trigger efficiency, demonstrating conclusively that the
improvements in trigger yields on which the trigger upgrade was motivated were realised.
In hadronic channels, global trigger efficiency improvements of up to ~3x were observed,
with local trigger efficiencies at low pt improved by even greater factors. The efficiencies
of HLT1 and HLT2 combined demonstrate that the b-topo. trigger provides a dilution
of these gains for events saved to the full stream; however, this dilution is significantly
reduced by the successful retuning of the b-topo. trigger in early 2025.

The measurement of ry,, in BY — JAp (€147) K* decays in 2024 pp collision data,
described in Chapter [6] demonstrates the direct impact of the improvements in the
detector and trigger on physics analyses. In particular, corrections to the selection
efficiencies of each mode which account for data-MC differences are significantly smaller
than their Run 2 equivalents. This is primarily driven by the removal of the L0 trigger,
which previously introduced large differences in the kinematics of the two modes. The
measured values of 7, in each block, which are dominated by systematic uncertainties,
are all expected to be consistent with 1.

In the course of this thesis, the necessity of the removal of the L0 trigger was demon-
strated through the measurement of (A7 ;....q) in 2016-18 data (as described in Chap-
ter[4), the sensitivity of which suffers from the low L0 trigger efficiency for hadronic decay
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7 Conclusion

modes. The removal of the LO trigger and the redevelopment of the trigger selection al-
gorithms to perform efficient selections at much higher event rates was successful, with
the anticipated improvements in trigger efficiencies realised. Finally, the measurement of
75 in 2024 data demonstrates that the data collected by the upgraded LHCb detector
and trigger is of a high quality, with its features understood to the degree necessary to
perform precision measurements in Run 3 of the LHC.
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Perhaps I'm old and tired, but I think that the chances of finding
out what’s actually going on are so absurdly remote that the only
thing to do is to say, “Hang the sense of it,” and keep yourself busy.
I’d much rather be happy than right any day.

“The Hitchhiker’s Guide to the Galaxy”, Douglas Adams
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A Appendix for the Run 2 measurement
of (A? ) in BY)— D n™

untagged

This appendix serves to provide additional background information on the measurement
of (Ajntaggea) I BY — D77t decays laid out in Chap. 4l The samples of pp collision

data studied in this measurement are listed by data-taking year and magnet polarity in

Tab. ATl

Table A.1: LHCDb pp collision data samples studied in the measurement of (A
described in Chap.

: )
untagged

Year Magnet polarity Int. lumi. / fb~!

.81

2016 Up 08
Down 0.86
9017 Up 0.83
Down 0.88
9018 Up 1.14
Down 1.05

2.

Total Up 7
Down 2.79

A.1 Updated results

Since the submission of this thesis, the measurement described in Chap. 4| has been
completed. The corresponding paper has been submitted to Phys. Rev. Lett., and a
preprint has been made publicly available . The results presented in Ref.
supersede those presented in this thesis.

A.2 Per-event weighting of MC samples

As described in Section 4], the per-event PID and LO trigger efficiencies are attached
to each event and applied as per-event weights. The effect of applying these weights
(individually and together) upon the hhnm and hhm invariant masses, and the pr and

n of the associated 7 and D, are shown in Figs. & for the K Knm and nrmm
final states, respectively.
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A Appendix for the Run 2 measurement of (A
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Figure A.1: Impact of per-event weights from PIDCalib2 and LOHadronTables on key
distributions in the K K77 final state.
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A.2 Per-event weighting of MC samples
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Figure A.2: Impact of per-event weights from PIDCalib2 and LOHadronTables on key
distributions in the w77 final state.
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A Appendix for the Run 2 measurement of (A} ,00cq) I BY— D;nt

A.3 Parameterisation and results of the invariant mass fits

The invariant mass fits performed to extract A,.w for each final state are described in
Section This section provides additional information on the specific signal and com-
binatorial background models applied/trialled, and provides an additional visualisation
of the nominal invariant mass fits.

A.3.1 Signal models

A wide range of statistical distributions are commonly used to model invariant mass
peaks in studies of b-hadron decays. This section serves as a whistle-stop tour of the
distributions discussed in this thesis, and particularly in Chap.

The Crystal Ball function, named for the Crystal Ball experiment, first introduced in
Ref. , consists of a piecewise combination of a Gaussian core with a power-law tail.
The double-sided Crystal Ball function is a modification of this such that the function is
subject to a piecewise division, with differing cores and tails on either side of the central
value of the cores, u:

Ar - (Br m; £y=nL  for ”;“ < —ay,
exp | — { } for "CL;“ <0
fosce(m) = ay [ } for T < o (A1)
2 orp —
Ag - (Br+ —L)~"R - otherwise,

where o; are widths of each Gaussian core, n; determine power-law behaviour of the
tails, and A;, B; normalise the function as

ni \" o |
A= cexp [ — , A2
(‘ai,) exp< 2) (A.2a)

Bi= — —|ay|. (A.2Db)

The Hypatia function is Crystal Ball-like (, a Gaussian-like core with power law tails),
but instead uses a hyperbolic core [181]. The two-sided Hypatia function is defined
similarly to the double-sided Crystal Ball function, as

m m : m—u
Glp—a10) [ (1~ mmrmmas) e < —m
Frag(m) = ((m — p)? + Ai(gﬁﬁ)%**i eBm—p) g (Q/l + (%)2> = G(m) otherwise , (A3)
G(u+a2cr)/ (1 m) " If% > as

where p and o are the mean and width of the core (G), a; and n; describe the tails, and
A, ¢, B parameterise the core shape.

The extended Cruijff function is laid out in Ref. [182] and is defined as a Gaussian of
modified width

Cr(mlp, B0, o) m<p

W
CR (m‘,u,ﬁ,O'R,OéR) m>

fec(m|p, B,01,0R, ar,ar) = {
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A.3 Parameterisation and results of the invariant mass fits

where Cp, g (m|pr r,0L.R, 0L,R, B) are given by

—(m—u)2(1+ﬁ(m—u)2)) (45

20} p +arpr(r— 1)?

Cr.r(m|puL,r,0L,R, 0L R, B) = Aexp (

which reduces to a regular Cruijff function in the case g = 0.

The Johnson Sy function, fj, (m) is defined from the transformation of a normal distri-
bution as

m—>m/:7+5N<m;H), (A.6)
such that fj, (m) is given by
) 1 1 i (m—p\\?
= — = i h 1 A'
fio ) = =~ 2exp[ 5 (v s (PE)) @
VI ()

wherein p and A are analogous to the mean and width of a Gaussian distribution |183],
and ¢ and v further specify the transformation.

These distributions can themselves be sufficient to model invariant mass peaks, though
often these are combined to provide descriptions with more degrees of freedom, such as
the sum of a Hypatia and Johnson modelling BY — D, 7+ decays in Section and the
sum of a DSCB and Gaussian modelling Bt — J/i (utp~) Kt decays in Section .

Table A.2: Parameters of Hypatia-Johnson PDFs fit to B? — Dy 7™ MC samples, per
Figs. [4.7a] & [4.7D]

Fit value
Parameter

K Knm final state 7w final state

Hypatia p / MeV 5369.440 £ 0.045  H372.7+ 1.2

Hypatia o /| MeV 62.1 2.1 41+ 11
Hypatia af, 0.2434 £ 0.0074  0.0995 + 0.049
Hypatia np, 2.53+£0.31 2.34 +£0.71
Hypatia agr 0.4015 4+ 0.0060 0.42 +0.11
Hypatia ng 3.038 £ 0.061 1.89 + 0.53

Hypatia A —8.70 £0.14 —6.8+ 1.7
Hypatia-Johnson cpyj,  0.315 4= 0.025 0.102 £ 0.040
Johnson § 3.271 £ 0.011 2.11£0.23
Johnson vy 0.0862 +0.0039  0.286 + 0.078
Johnson A 45.84 + 0.19 33.84+3.9
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Figure A.3: Fits of the DSCB and extended Cruijff+Gaussian models to the 2016-18

combined B?— Dy 7w MC samples in both hh7r final states. Equivalent fits using the
Hypatia+Johnson Sy model are shown in Fig. [4.7] in Section [4.3.1]
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A.3 Parameterisation and results of the invariant mass fits

A.3.2 Combinatorial models

The single exponential combinatorial background model described in Section is also
fit to the combinatorial background data samples, as shown in Fig.
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l—-fi Data
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(a) Fit to the K K77 final state.
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6000 6500
Invariant mass, m(room) / MeV/c?

(b) Fit to the mrr final state.

Figure A.4: Fits of single exponential PDF to the combinatorial background data sam-
ples (2016-18, both magnet polarities). The equivalent fits using exponential4constant

models are shown in Fig. in Section 4.3.1}

A.3.3 Results of the nominal invariant mass fit

The nominal fit performed in Section is shown in Fig. on a logarithmic y-axis
scale. The same fits are shown here in Fig. on linear y-axis scales.
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Figure A.5: Nominal invariant mass fit to each final state, shown for each charge conju-
gate state. Corresponding parameters are listed in Tab. and the same fits shown on
a logarithmic scale in Fig. [4.11] both of which are in Section [4.3.2]
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B Appendix to the LHCDb trigger in Run
3

This appendix provides additional information on Chap. 5, which describes the LHCb
detector and trigger upgrades, and the data-driven TISTOS method for computing trig-
ger efficiencies, before then evaluating the efficiencies of HLT1 and HLT2 against the
equivalent Run 2 efficiencies. The data samples taken in 2024 and 2025, including those
used in evaluating the efficiencies of the upgraded trigger are listed in Tab. Note
that data-taking blocks have not been assigned in 2025.

Table B.1: Blocks of stable data-taking configurations in 2024 and 2025 (up to the June
technical stop), listed in chronological order. Preliminary numbers taken from Ref. |184].

Year Block u  Polarity Int. luminosity / fbh!

4 Down 1.39
3 0.90
2 .61
<44 Up 0.6
1 1.18
2024

5 1.16

6 1.
Down 00
7 0.74
8 U 0.44
b3 D ; 0.47

2025 _—own ‘
— Up 1.74

B.1 Selections of the cut-based inclusive detached dilepton
trigger

In Section the CB// trigger was developed ahead of 2023 data-taking and retuned

for 2024 data-taking to improve on the performance observed in 2023. The cut-based

selection requirements applied before and after this retuning are listed in Tabs. &
respectively.
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B Appendix to the LHCb trigger in Run 3

Table B.2: Selection cuts of the CB#/ trigger as deployed in 2023 data-taking. Note that
for two-body candidates, the b candidate selections are used.

Candidate Selection cut
pr > 0MeV/c
Leptons p>0GeV/e
X12p > 36
Electrons PID, > 2
Muons PID, > 2

X%tx./NdOf <9
Dilepton candidate XQDOC A <30

X&p > 300
pr > 250MeV/c
Additional track p>2GeV/e
Xip > 9
pr > 0MeV/c
Xt /Naof < 9
Xip < 16
X&p > 300

b candidate
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B.1 Selections of the cut-based inclusive detached dilepton trigger

Table B.3: Selection cuts of the retuned CB{/ trigger, as deployed in data-taking from
2024 onwards. Note that for two-body candidates, the dilepton candidate selections are

used.
Candidate Selection cut
pr > 400 MeV/c
Leptons p > 2GeV/c
Xip > 36
Electrons PIDe > 2
ECAL acceptance
Muons PID, >0
isMuon
pr > 400 MeV/c
p>2GeV/c
Dilepton candidate (e0) € 10,6.5] GeV/c?
Xip > 64
X2tx./Not < 20
Dielectron/electron-muon Yoo < 10
Dimuon X2DOCA < 30
pr > 400MeV/c
Additional track p > 2GeV/c
X3 > 36
pr > 0MeV/c
b candidate X2ix /Naot < 16
Xip > 64
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B Appendix to the LHCb trigger in Run 3

B.2 Retuning of the topological b-trigger

The retuning of the b-topo. trigger is also reported in Section [5.2.1l The features on
which the b-topo. NNs are defined, including the monotonicity requirements before
and after retuning, are listed in Tab. [B.4. The preselection which b-topo. candidates
are subject to prior to the application of the NNs, which were not changed during the
retuning, are listed in Tab.

Table B.4: Input features of the two- and three-body Lipschitz NNs of the b-topo. trigger.
Variables which are monotonic only in 2024 (both in 2024 and 2025) are denoted by *

()-

Two-body Lipschitz NN features  Three-body Lipschitz NN features
Min. pt of 2-body cand. children'
Sum of pr of 2-body cand. children*

pr of 2-body cand.
Morr0f 2-body cand.
Xgnd vix./Ndot of 2-body cand.
Max. x%p of 2-body cand.
Max. DOCAcng vix. of 2-body cand.
Min. X%P of 2-body cand. children Min. XIQP of 3-body cand. children'
Max. Y% of 2-body cand. children Max. x% of 3-body cand. children
xZpof 2-body cand.
Min. pr of 3-body cand. childrenf
Sum of pr of 3-body cand. children*
pr of 3-body cand.*
Morrof 3-body cand.
X2ud vix/Ndot of 3-body cand.
Max. xp of 3-body cand.
Max. DOCAcng vix. of 3-body cand.
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B.2 Retuning of the topological b-trigger

Table B.5: Preselection applied to two- and three-body candidates.

Target Selection requirement

pr > 250MeV/c
Final state particle p > 3GeV/c
Xip >4

DOCA < 0.2mm
pr > 1GeV/e
Xap > 20
max{xp Hracks > 20
Two-body candidate X2x./Ndot < 10
DIRA > 0.9
Meorr € [1,12] GeV/c?
n € [2,5]
Any track hasisMuon (for muonic 2-body line)

DOCA < 0.3mm
pr > 2GeV/e
XEp > 20
Three-body candidate DIRA > 0.9
Meorr € [1,12] GeV/c?
n € [2,5]
Any track hasisMuon (for muonic 3-body line)
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C Appendix to the 2024 measurement

of ’I“J/Q’b

This final appendix related to the measurement of r ;/,in 2024 pp collision data described

in Chap. [6

C.1 Requirements of exclusive HLT2 Turbo lines

Table C.1: Cut-based selection requirements of the HLT2 line H1t2RD_BuToKpEE for the

blocks studied in Chap. [6]

Selection requirement

Object Variable
Block 1 Blocks 5-8
Miny. € [4.5,7.0] GeV/c* € [3.5,7.0] GeV/c?
FD x? > 100
B+ candidate Vertex x2/ndof <4
IP x? <25
DIRA > 0.9999
pT > 0MeV/c > 500 MeV/e
Isolation AR? < 0.25
DOCA y? < 36
Dielectrons FD x* > 36
Vertex x?/ndof <9
pT > 0MeV/c
IP x? > 25
T > 350 MeV/c > 500 MeV/e
Electrons P > OMevje
PID, > 0.0
Upstream electrons allowed True
Combination policy — > 1 long (Block 7-8)
IP %2 > 9
Kaons pT > 400 MeV/c
PID,, > —4

C.2 Extraction of yields

In Section [6.2] the invariant mass fits from which the yields in each mode are obtained
are only shown for Block 8. The fits to the blocks 1, 5, 6 and 7 are shown in Fig.
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C Appendix to the 2024 measurement of  z,

Table C.2: Cut-based selection requirements of H1t2RD_BuToHpMuMu_Incl_Bp for the
blocks studied in Chap. [6

Selection requirement

Object Variable

Blocks 1, 5-8
Miny. € [4.5,7.1] GeV/c?
PT > 0MeV/e
BT candidate FD > 16
Vertex x?/ndof < 36
P 2 < 36
DIRA > 0.9995
Miny. €[0,7.1] GeV/c?
DOCA x? < 36
Dimuons FD x? >9
Vertex x?/ndof <9
pT > 0MeV/c
IP %2 >3
Muons PT > 300 MeV/c
D > 0MeV/c
PID, > 4
IP %2 >3
Hadrons PT > 300 MeV/c
D > 0MeV/c
PID,, No cut
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Figure C.1: Fits to the B™ DTF mass in samples for data blocks 1 and 5-7. Correspond-
ing yields are listed in Tab. Equivalent fits in Block 8 are shown in Fig. [6.4.
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C Appendix to the 2024 measurement of  z,

C.2.1 Dielectron mass resolution smearing

The smearing of the dielectron mass resolution, as described in Section requires
fits to the dielectron invariant mass in data and MC samples for each data block and
bremsstrahlung case. Whilst Fig. shows these fits for Block 8, the full set of smearing
parameters for each year and bremsstrahlung case are listed in Tab. [C.3]

Table C.3: Relative positions, d,, and widths, f,, and MC positions of invariant mass
peaks, unc, from fits to the reconstructed dilepton invariant mass in data and MC
samples in each bremsstrahlung case.

Block Brem. case 4§, / MeV/c? fo e /| MeV/c?
0 brem. —15.91+0.72 1.403 +0.022 3062.3 +1.21

1 1 brem. —12.36+0.49 1.393 £0.008 3047.04+1.38
2 brem. —8.06 £0.64 1.390 4+ 0.008 3041.3+1.05

0 brem. —14.73+£0.61 1.359 £0.016 3062.5 + 0.33

) 1 brem. —13.824+0.52 1.362£0.009 3043.24+1.34
2 brem. —7.48+0.71 1.378 £0.009 3040.9 £1.11

0 brem. —15.93£0.64 1.373+£0.018 3067.1 £1.32

6 1 brem. —11.374+0.56 1.370 £0.010 3046.0 +1.30
2 brem. —5.25£0.71 1.3714+0.009 3040.4 +1.03

0 brem. —16.78£0.78 1.448 +0.023 3066.6 £ 1.41

7 1 brem. —10.13+0.70 1.389 £0.011 3040.8 +£1.35
2 brem. 471+£095 1.349+£0.011 3041.9+1.22

0 brem. —16.90+£1.05 1.4174+0.029 3063.0+0.35

8 1 brem. —8.60+0.90 1.416£0.015 3045.24+1.22
2 brem. 5.51£1.15 1.376 +0.014 3043.6 £1.03
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