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Abstract

This thesis describes a multifaceted experimental analysis of b ¥ s“7°  transitions using
data taken with the LHCb experiment. The results of this work bring interesting and
important new insights to one of the most active discussions in modern particle physics —
that of the B anomalies and the search for New Physics in the flavour sector. The main
results are obtained through a comprehensive study of local and non-local amplitudes
contributing to the B ¥ K % *  decay, whereby the angular distribution is analysed
over the complete available phase space including all dimuon resonance regions for the first
time. The findings provide support to previous LHCb measurements of this decay and
further allow for a data driven reappraisal of the theoretical assumptions inherent in the
comparisons of previous results to Standard Model expectations. An ongoing analysis of
the differential branching fraction of the ¥ *  decay as a function of the squared
dimuon invariant mass is also presented. This new analysis aims to achieve a significant
enhancement in precision relative to previous measurements and to observe the decay for
the first time in new regions of the dimuon invariant mass spectrum. Both of the analyses
presented in this thesis constitute important steps towards a deeper understanding of the
Weak Effective Theory for b ¥ s“*° transitions, which has been a major area of focus in
high energy physics for the past two decades.
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Chapter 1
Introduction

The Standard Model (SM) of particle physics is the modern pinnacle of physical theories.

It is capable of explaining a broad range of natural phenomena in terms of a relatively
simple collection of fundamental particles, which interact via just three fundamental
forces. Essentially all predictions of the SM have held up under scrutiny, all the way up

to the most extreme energies achievable by modern particle physics experiments. These
experiments, mostly consisting of particle accelerators such as the Large Hadron Collider
(LHC) [1], are speci cally designed to push the SM to its energetic limits and to collect
enormous data samples for precision measurements. However, even as the energy scale
increases and experimental precision improves, the predictions of the SM remain largely
unwavering, with only a handful of measurements showing any appreciable tension.

Arguably, the most notable set of deviations from the SM are the so-call&l anomalies.
These measurements fall under the umbrella of avour physics, the study of avour changing
interactions of quarks and leptons. TheB anomalies refer speci cally to a set of precision
measurements of processes involvingbd s *° transition that seemingly disagree with
the predictions of the SM at the level of around 3 standard deviations (3 [2{7].! These
anomalous results have generated a lot of interest and the processes that harbour these
small disagreements between theory and measurement have been the subject of intense
study for more than a decade.

The main justi cation for giving such weight to the B anomalies is that, despite the
many successes of the SM, the need for New Physics (NP) which goes beyond it is clear [8].
There are several important limitations of the SM that render it an incomplete theory |
with one example being the fact that a consistent theory of gravity is entirely absent in
the SM. Other examples include its failure to predict or explain dark matter [9, 10], and

Throughout this document, charge conjugation of any process is implied unless otherwise speci ed. That
is, for example,b! s*° , bl 3§ °F,



the problem of baryon asymmetry in the universe [11]. A number of promising theoretical
frameworks have been and continue to be developed that can provide the necessary
extensions to the SM in a natural and aesthetic way | for example, supersymmetry [12]
(SUSY). However, the baseline requirements for SUSY have thus far failed to materialise
in experiment and the LHC has excluded a large portion of the parameter space for SUSY
theories [13, 14]. Other NP frameworks that aim to supersede the SM, such as string
theory [15], have not yet reached the level of making testable predictions. This predicament
has perplexed physicists for many years. However, if con rmed, tH& anomalies may just
provide the missing insight needed to make progress.

Whether the B anomalies will persist and provide a pathway towards NP is certainly
not incontrovertible. In fact, the most historically signi cant measurements among thd3
anomalies were that of the observable®x and Rk o, which are de ned as ratios between
the branching fractions of theB! K()e*e andB! K() *  decays. The values of
Rk and Rk o are among the most precisely predicted quantities in the SM, and tHeHCb
measurements were found to deviate from the SM predictions by 2{316, 17]. Howeuver,

a revised simultaneous measurement 8 and Rk o was recently published byLHCDb
that was found to be in agreement with the SM at @ [18, 19]. The apparent anomaly in
the previous measurements was in fact due to a mixture of mischaracterised experimental
backgrounds and statistical uctuations. This highlights the unfortunate fact that even
very promising signs of NP can and often do vanish upon further investigation. It is
crucial to extract as much information as possible from the available data in order to
minimise the chance of spurious anomalies.

Within this thesis, a detailed investigation into the nature of theB anomalies is
undertaken. New experimental analyses of twial s™*° decay channels are presented,
which can contribute important new information in complementary ways. The rst
analysis, presented in Chapter 4 of this thesis, consists of an amplitude analysis of the
B%l K 2 * decay in whichLHCb data is analysed in a completely novel way [20].
This decay channel harbours one of the most signi cant individual deviations among
the remaining B anomalies | that of the P2 angular observable [4]. Smaller tensions
also exist for this decay in the di erential branching fraction [21] and other angular
observables. However, recent conservative approaches to the SM calculation of these
observables suggest that the anomalies can be explained without any need for NR £52.
The explanation is centred around the in uence of so-called nonlocal contributions in
which the B! K ° *  decay proceeds through an intermediate hadronic state. The
calculation of these nonlocal contributions is notoriously di cult and manifestly involves



some assumptions, which until now have not been tested rigorously. In the amplitude
analysis presented here, the in uence of the nonlocal contributions is determined for the
rst time directly from data. The results are consistent with those of previoudHCb
measurements and, moreover, they allow to make concrete statements regarding the
theoretical interpretation with minimal assumptions.

The second analysis presented in this thesis, which is the subject of Chapter 5, is an
ongoing analysis of the di erential branching fraction of the 2! T decay | a
guantity which has also shown imperfect agreement with the SM in a previousdiCb
measurement [26]. The new analysis aims to make the worlds most precise measurement
by analysing the full LHCb dataset collected during the years 2011{2018, representing
a roughly threefold increase in the size of the dataset. In the process, the new analysis
addresses several potential aws identi ed in the previousHCb measurement of Ref. [26].
The results of this analysis have not yet been revealed and will remain hidden until a
more rigorous evaluation of the systematic uncertainties involved in the t procedure is
completed. Nevertheless, the full analysis procedure is described along with a sensitivity
study showing the expected statistical precision of the new measurement.

The structure and contents of the rest of the thesis is described below. An overview
of the relevant theoretical concepts is given in Chapter 2, which consists of a review of
mostly material that can be found in many particle physics textbooks. A description
of the LHCb experiment and detector is given in Chapter 3, which is a compilation of
material that can be found inLHCb papers and technical design reports. The amplitude
analysis ofB°! K 9 *  decays described above is presented in full in Chapter 4,
which consists of original work performed alongside a small team of analysts within the
LHCb collaboration. The work presented in Chapter 4 builds upon foundations put in
place predominantly by the authors of Ref. [25] along with other members of thé4Cb
collaboration. | have contributed to the redevelopment of some aspects of the model
along with: performing rigorous validation studies, a thorough investigation of systematic
uncertainties, and nally carrying out the measurement onLHCb data and interpreting
the results in detail relative to state-of-the-art theoretical knowledge. This work concludes
almost a decade of collaborative research and has recently been submitted for publication
as anLHCb paper [20]. The di erential branching fraction analysis of the 9! *
decay is presented in Chapter 5, which similarly consists of original work performed within
a small team ofLHCb analysts. Whilst some inspiration has been taken from previous
LHCb analyses of this decay, essentially all aspects of this analysis have been implemented
anew and are original to this thesis.



Chapter 2

Theoretical background

2.1 The Standard Model

The SM is a quantum eld theory (QFT) that describes the strong and weak nuclear inter-
actions along with the electromagnetic interaction | three of the four known fundamental
forces of nature. This section is intended to provide only a basic pedagogical overview of
the relevant concepts of the SM. The interested reader is referred to Refs. [27, 28], upon
which this section is based, for more detail.

In the SM, the particles we observe in experiments and that make up the world around
us, arise as excited states (quanta) of the fundamental elds, the true objects at the heart
of the theory. The eld content and dynamics of the SM are described by a Lagrangian
density function, L (henceforth simply Lagrangian), which will be the focus of this section.
It is informative to rst write the SM Lagrangian as

Lsv = Lkinetic + Lmass: (2.1)

The rstterm, Linetic ,» €SSentially describes how the particles of the SM evolve and interact,
while the second termL ss, iS responsible for imparting mass to those particles. The
two components are constructed based on distinct underlying principles; hence, it is useful
to describe them separately as is done in the following sections.

2.1.1 The kinetic component

The kinetic component of the SM Lagrangiani. inetic , IS cOnstructed by initially considering
a set of free (noninteracting)matter elds and then requiring the Lagrangian to satisfy
certain symmetry relations. Symmetries are thoroughly important in QFT | continuous



global symmetries of the Lagrangian imply the existence of conservation laws by Noether's
theorem. The conserved quantities are known asurrents and they further imply the
existence of conservedharges For the kind of symmetries imposed on the SM Lagrangian,
the conserved currents and charges feature in couplings between the matter elds and
force carrying elds known asgauge elds The gauge elds are introduced into the
Lagrangian to preserve the desired symmetries, which turns out to result in interactions
that correspond to the observed fundamental forces. To understand this, it is useful to
sketch an example of the procedure that will help to gain familiarity with the concepts
and terminology used in later sections.

For a eld with a given intrinsic angular momentum (spin), it is possible to write down
the free Lagrangian which describes that eld. For example, a scalar (spin 0) eld,, is
described by the Klein-Gordon Lagrangian,

L kiein-Gordon = @@ + %mz % (2.2)

while a spinor (spin 1/2) eld, , is described by the Dirac Lagrangian,
L birac = @ m; (2.3)
where are the Dirac gamma matrices, and = Y % is known as the adjoint eld. A

vector (spin 1) eld, A , is described by the Proca Lagrangian,

L proca = %F F o+ %mZA A ; (2.4)
whereF = @A @A isthe eld strength tensor. In each of these Lagrangiansn
represents the mass of the particle associated to the éldEqs. 2.2{2.4 are essentially the
building blocks of the SM Lagrangian. Particles with higher spins can be constructed in
the SM, but none of them are fundamental.

The fundamental matter particles of the SM, namely quarks and leptons, are spin 1/2
particles. The existence of these elds in the SM Lagrangian is axiomatic in a sense,
L sm essentially begins as a sum of Dirac Lagrangians for each matter elgl. Interactions
between particles are incorporated through the concept tdcal gauge invariancemeaning
the Lagrangian remains unchanged under spacetime dependent gauge transformations of
the elds. For example, ifL is a function of some matter eld and U(x) is a unitary

1The form of the mass terms in each of Egs. 2.2{2.4 is worth keeping in mind. In each case, the mass is
determined by the coe cient of the term that is quadratic in the eld. This term can be thought as the
lowest order self-interaction term, which acts to give the eld a mass.
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transformation that may depend on the spacetime locatio®, then local gauge invariance
requires
L(U(x) )= L( ); where UY(x)U(x) =1: (2.5)

Typically, U is based on a preexisting global symmetry | that is, the initial Lagrangian is
already invariant if U is constant over spacetime. However, such a global symmetry does
not hold locally if the Lagrangian contains only noninteracting matter elds. Rather, it is
necessary to introduce a set of additional massless elds, known as gauge elds, which
couple to the matter elds and transform in a speci ¢ way so as to ensure that Eq. 2.5 is
satis ed. In the simple case otJ(x) 2 U(1), i.e. the gauge transformation corresponds to
multiplication by a complex phase, ! e @ ® | then a single gauge eld is needed to
preserve the symmetry. Speci cally, if one begins with the Dirac Lagrangian (Eg. 2.3) and
imposes local U(1) gauge invariance, a massless vector éld is required that transforms
accordingtoA ! A + @ (x), such that the new Lagrangian given by

L=i @ m ZF)P @ IA; (2.6)

is invariant. The nal term in Eq. 2.6 is an interaction term that couplesA to via
the current J = (¢ ). This term is devised speci cally to compensate for terms that
would otherwise spoil the U(1) gauge invariance. Evidently, since a local symmetry implies
a global symmetry, the new Lagrangian is also globally invariant under U(1) and the
associated conserved current 5 . The term involving the eld strength tensor, %(F )2,
is just the Proca Lagrangian (Eqg. 2.4) with no mass termi.e. the free Lagrangian
describing the new massless spin 1 eld . The Lagrangian of Eqg. 2.6 turns out to be
exactly that of quantum electrodynamics (QED). The gauge eldA , is identi ed with
the electromagnetic vector potential whose quanta is the photod, is the electromagnetic
current, and q is the electric charge of the eld that de nes the strength and sign of its
coupling to the photon.

The easiest way to obtain Eq. 2.6 is by making the following replacement,

@'D @ + igA ; (2.7)

everywhere in Eg. 2.3 along with adding the free Lagrangian fér . The D operator
is called the covariant derivative and provides a universal method of creating a locally

2Actually, the Lagrangian can change by the total derivative of an arbitrary function, L!'L + @F , and
the transformation is still a symmetry. Such a term drops out when the Euler-Lagrange equations are
invoked to obtain the equations of motion for the system, thus the resulting physics will be unchanged.
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gauge invariant Lagrangian from a globally invariant one. Local gauge symmetries do not,
themselves, lead to any conservation laws; however, they logically imply an associated
global symmetry that does. The covariant derivative introduces new elds into the
Lagrangian, thereby genuinely changing its physical content. However, it does so in a
controlled way that manifestly preserves symmetry and the gauge elds always couple to
a conserved current in the new Lagrangian, which in certain cases happens to correspond
to an interaction realised in nature.

It is by this mechanism of imposing local gauge invariance that all the fundamental
interactions of the SM are generated. In general, for a gauge transformatitr{x) 2 G,
where G is some group, invariance underG requires the introduction of a new gauge eld
for each generator ofs. The gauge elds enter through the covariant derivative, which
generally takes the form

D @ + igS,A?; (2.8)

where S, are the group generatorsA? are the gauge elds, andy is a coupling constant.
The SM is constructed to be invariant under gauge transformations described by the
following group structure,

bauge = SUB)e - SUQR). U()y: (2.9)

The group SU(3). gives rise to the strong interaction theory of quantum chromodynamics
(QCD). The subscript C stands for colour, which is a conserved property of particles
under the strong interaction | analogous to electric charge. There are eight generators
of SU(3)., which gives rise to eight gauge elds in the SM Lagrangian known as the
gluon elds, G?, which are the carriers of the strong nuclear force. The gluon elds
couple to elds that carry colour charge, which applies to quark elds and the gluon elds
themselves, while leptons and other gauge elds do not interact via QCD. The group
SU(2), U(1),, gives rise to the uni ed electroweak (EW) interaction that ultimately
separates out into the weak and electromagnetic interactions, albeit with a few subtle
twists. There are four gauge elds associated with the EW symmetry group; three of
them, WP, correspond to the three generators @U(2), while the other, B , corresponds

3The term \group" here refers to the algebraic structures covered by the branch of mathematics known
as group theory. Group theory is central to the SM and most textbooks on the subject, including
Refs. [27, 28], have a section covering the necessary aspects. For this thesis, it will mostly su ce to
know some basic terminology and notation. Firstly, U(n) represents the set of alln  n unitary matrices
and, secondly, theS in SU(n) stands for \special”, meaning \determinant 1". The generators of a group
consist in a spanning subset of group elements.



to the one generator of U(1).

The four EW gauge elds are related to the photon, , and the three weak interaction
force carriers, thew and Z° bosons; however, some work is needed to make the connection
explicit. Recall that local gauge invariance requires the gauge elds to be massless upon
introduction, whereas theW and Z° bosons are observed to be massive in nature.
Therefore, the gauge elds oSU(2),  U(1), are not directly equivalent to thew , Z°,
and particles. Moreover, explicit mass terms for matter elds of the forrm | such as
those appearing in Egs. 2.3 and 2.6, are not locally gauge invariant unded(2), either.
The reason is that the SM is a chiral theory, meaning that the Lagrangian treats the left-
and right-handed chiral projections of a eld di erently. In fact, the subscriptL in SU(2)_
stands for left-handed chirality, indicating that the gauge transformation only acts on the
left-handed chiral projection of the elds. A mass term of the forrm  can be rewritten
in terms of the chiral components of the eldasmn | r+ r L. . However, since only
left-handed components transform nontrivially undeiSU(2), , the product of left- and
right-handed elds cannot be invariant. Consequently, neither matter nor gauge elds can
enter the SM Lagrangian with explicit mass terms | local gauge invariance forbids it.
This is why the SM Lagrangian contains a dedicated componerit,.ss, Which generates
masses for the particles in an alternative way, which is described in the next section.

Considering all of the above, the SM kinetic Lagrangian is written,

2

1 2

L kinetic = 7 G* wP

1 1 X .

j
whereG? , WP ,andB represent the eld strength tensors for the gluon and EW gauge
elds, and the covariant derivative takes the form,

Di= @+igsG°L, +igWPT,' +igB Y i : (2.11)

In Eqg. 2.11, the objectsLa’, T,’, and Y i are the generators ofSU(3)., SU(2),, and
U(1),, respectively; whilegs, g, and ¢ are the corresponding coupling constants. It is
important to note that D ' contains di erent terms depending on the eld ;, since only
selected elds are charged under each gauge interaction. Thus, it is useful to nally de ne
the SM matter elds | the quarks and leptons. There are six quark elds: u, d, s, c,

b t; and six lepton elds: e, , , ¢, , . Itis convenient to collect them as shown

in Table 2.1, where they are decomposed into their chiral components and grouped into
three generations. Left-handed quarks are charged under all three interactions, hence the
covariant derivative involves all of the gauge elds. Right-handed quarks and leptons are
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Table 2.1: The matter elds of the SM, each containing three generations labelled by the index.

Field Contents (1 =1;2;3) Description
u! Ug, G, tL Left-handed up-type quark singlets
D! d,s.,h Left-handed down-type quark singlets
Ug UR, Cr, tRr Right-handed up-type quark singlets
DL dr, Sr, Right-handed down-type quark singlets
EL €rR, R, R Right-handed charged lepton singlets
N/ eLr v L Left-handed neutral lepton singlets
i
Ql g% Left-handed quark doublets
L
i
LI E, Left-handed lepton doublets

N/

not charged underSU(2), , henceT,' = 0 for them, and no leptons are charged under
SU(3)., henceLs' = 0 also for lepton elds. Otherwise,L,’ are the 3 3 Gell-Mann
matrices, T, are the 2 2 Pauli matrices, andY i are real numbers called hyperchargés

2.1.2 The mass generating component

Masses for the gauge elds

In order to make the connection between the elds of the SM kinetic Lagrangian (Eq. 2.10)
and the particles observed in nature, an additional component must be added to the SM.
Speci cally, an additional complex scalar eld known as the Higgs eld must be introduced
into the Lagrangian, and with it another foundational concept | that of spontaneous
symmetry breaking While SU(2),  U(1), is a symmetry of the SM Lagrangian, the
Higgs eld is de ned such that its minimum energy state, known as the vacuum state,
breaks this EW symmetry. Since the Higgs eld is a scalar, its free Lagrangian is the
Klein-Gordon Lagrangian (Eq. 2.2). This is added to the SM along with a self-interaction
term that is quartic in the Higgs eld, giving

Liiges =(D )Y(D )+ 27 v 2 (2.12)

where and are coupling constants. The Higgs eld is constructed to be charged under
SU(2), U(1),, hence only the EW gauge elds are present in the covariant derivative

4Hypercharge, Y, is related to electric charge,q, by q= Y + T3, where T3 is known as weak isospin and
is the charge associated with the third component of the EW gauge eld,W?3.
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for the Higgs,
D = @+igW"T, +igB Y (2.13)

The form of the Higgs self-interaction term de nes the Higgs potentialand, as chosen
in Eq. 2.12, is responsible for shifting the energy of the vacuum state away from zero to
=" 2 . Through a rede nition of the Higgs eld,

0
! + p_ ; (2.14)
v= 2

wherev = = P ~, the Lagrangian is rewritten explicitly in terms of uctuations about
the vacuum state. When this is done, the Higgs eld is said to acquire a nonzero vacuum
expectation value (VEV) de ned by v. Each of the gauge elds that couple to the
Higgs eld through the covariant derivative D (Eq. 2.13) then acquires a mass term in
the Lagrangian that is proportional to the Higgs VEV. The mass terms appear in the
Lagrangian after expanding out the rst term in Eqg. 2.12. Taking into account the form of
the matrices T, ,° as well as the Higgs eld hypercharg&y = % the covariant derivative
in Eq. 2.13 becomes

o - @+ igW?+ igB ig Wt iW2 : (2.15)

ig W+ iw? @+ igW? igB

Ultimately, the mass terms are generated by the part of the Higgs eld,°= 0 v:IO 2,
that contains the VEV, therefore the quantity of interest is

#
2

2 0
(D 9D %:gz% wtZe w224 %B w3 (2.16)

It is now evident that the elds W1, W2, and the linear combination %OB W?3) have
Proca mass terms ¢f. Eq. 2.4) in the Higgs component of the SM Lagrangian that only
appear after the Higgs eld acquires a VEV. The generation of mass terms in this way is
famously known as theHiggs mechanism

The elds in Eg. 2.16 are still not quite in direct correspondence with the familiaW

5In analogy to classical mechanics, the Lagrangian can be expressed in the foirm= T V whereT
is the kinetic energy of the system andV the potential energy. The Higgs self-interaction enters the
potential term and its minimum de nes the vacuum state.

®The T, matrices are conventionally normalised with an extra factor } relative to the standard Pauli

spin matrices, that is T, = % p With , de ned as per any textbook.
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Z% and particles. It turns out, that the W and W? elds are related to the W by

1 .
W = p—é wtl iw? ; (2.17)

which highlights the fact that the W bosons are an antiparticle pair withw = (W)Y,
Upon insertion into Eqg. 2.16 this results in a single mass term that takes the form
mgWYW , with my, = . On the other hand, theW? and B  elds are related to the
Z%and A elds by

B cos , + W3sin :
" " (2.18)
Z

B sin ,, + W3cos ;

where , tan ! % is known as the weak mixing angle. This amounts to a rotation of
the basis states such that the mass terms in the Lagrangian are diagonalised with respect
to the elds. After inserting Eqgs. 2.17 and 2.18 into Eqg. 2.16, the nal mass terms in the
Lagrangian become

(D 9D 9= miwWww + %m%Z Z: (2.19)

where the masses are given by

Mw

My = = and M, = :
w z COS w

(2.20)

Accordingly, the W and Z obtain a physical mass through the Higgs mechanism, while
the photon (described by theA eld) remains massless.

Masses for the matter elds

As for the matter elds, their mass is acquired by direct couplings to the Higgs eld,
known as Yukawa couplings. The mass generating component of the SM Lagrangian is
therefore written as

Lmass= L Higgs T L vukawa - (2.21)

Using the notation for the SM quark and lepton elds de ned in Table 2.1, the Yukawa
couplings for leptons are given by

Yukawa

L leptons  _ YijeLiL E JR + h:c:; (2.22)
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while for quarks they are given by

| Quarks  _ Y,JdQ:_ D JR YuuQIL o) IJ? + h:c:; (2.23)

Yukawa

) 0 i . .
In the above, " =i , , where , = refers to the second Pauli matrix, and
i

h:c: stands for the Hermitian conjugate of the preceding terms. The complex Yukawa
coupling constants,Yij“;d;e, form 3 3 matrices and are free parameters of the SM that
must be determined from experiment. However, it is worth noting that there is signi cant
redundancy in the Yukawa matrices. For example, for quarks, 10 physical parameters are
su cient to describe the full set of Yukawa couplings.

After EW symmetry breaking, i.e. when the Higgs acquires a VEV (Eg. 2.14), the
Yukawa interactions give rise to mass terms in the Lagrangian for the matter elds of the
form,

| quark — miljJ U|i_ Uée + mi‘f D:_DjR + h.c. (2.24)

mass

where mﬁ = pV—EYijq. All masses in the SM are thus proportional to the Higgs VEV. In
order to relate these mass terms to physical particles, it is necessary to diagonalise the
matrices mi‘}' . Doing so turns out to lead to a rich phenomenology of avour interactions,

which is covered in the following dedicated section.

2.2 Flavour physics

Referring back to Table 2.1, the chosen notation highlights a particular feature of the SM
which has been only vaguely alluded to thus far | namely, its avour structure. The
qguarks and leptons evidently fall nicely into three generations, labelled 1 to 3. Moreover,
the quarks and leptons within each generation also fall nicely into two types: up and down
types for quarks; charged and neutral types for leptons. This gives six avours of both
quarks and leptons. Evidently, the Yukawa couplings of Egs. 2.22 and 2.23 are the only
interactions in the SM which do not explicitly conserve avour. Thus, avour physics is
essentially the study of the Yukawa sector of the SM Lagrangian. The remainder of this
thesis will be primarily concerned with aspects of avour physics, hence a more detailed
overview is in order.
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2.2.1 Weak charged currents and the CKM matrix

By default, the mi‘j‘ matrices in Eq. 2.24 are in thanteraction basis meaning they are
de ned with respect to the quark eigenstates that interact via the weak charged current.
However, themi‘f mass matrices are evidently not diagonal in this basis. This means that
the quark eigenstates of the weak interaction are not the same as the quark mass eigenstates
that are observed experimentally. A consequence of this is that avour changing weak
interactions exist'. To show this, the mass matrices can be diagonalisdct. expressed in
the mass basisvia unitary transformations as follows. It can be shown that there exist
real diagonal matricesM 9 such that

mf} = ViMayY ; ; (2.25)
whereV,? and V{{ are suitable unitary matrices. The quark elds in Eq. 2.24 can undergo
a basis rotation to achieve this,

dr! (MRr)idg: (2.26)

Making such a basis rotation has important consequences for the currents of the weak
interaction.
In the interaction basis, the weak currents in_ neic are given by

L Querk = pg—é U DiwW*+Di UW : (2.27)
L =2 Ul Uz +D DiZ ; (2.28)
w

indicating that the W couples up-type quarks to down-type quarks and vice versa, while
the Z° couples up-type quarks to up-type quarks and down-type quarks to down-type
quarks8 Both, however, respect the generation index. Upon rotation to the mass basis,
the latter is no longer true for the charged currents. Speci cally, one obtains the following,

h | | o]
L wark — pg_é Uli_ (V)ij DJLW+ + DII_ \VA4 i Ulj_W ; (2.29)

"Technically, this is con ating the terms avour and generation | it really refers to intergenerational
avour changing interactions. The W  bosons are electrically charged and thus necessarily change quark
avours.

8The z° actually couples to up and down type quarks with di erent strengths that are determined by the
weak isospin and hypercharge quantum numbers of the quarks, therefore thg, and D, in Eqgs. 2.27
and 2.28 are not in the same basis.
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whereV = VYV is known as the Cabibbo{Kobayashi{Maskawa (CKM) matrix. The
CKM matrix is usually written in the following form

0 1
Vud Vus Vub

V= BVeg Ve vcbg; (2.30)
Vie Vs Voo

and experimentally the values of the CKM elements are found to be [29]

0 1
0:97401 0:00011 22650 0:00048 000361%5%3%

V = B0:22636 0:00048 (97320 0:00011 004053%;88823%: (2.31)
0:00854%800%  0:0397858005  0:999172%2505%

Although the CKM matrix is markedly not the unit matrix, there is a strong suppression
of intergenerational avour changing interactions due to the smallness of the associated
CKM elements. This is often called Cabibbo or CKM suppression. Thé&/ interactions
described here are the only direct avour changing interactions in the SM, and are known
as avour changing charged current(FCCC) interactions. Analogous interactions for the
Z° do not exist in the SM as a consequence of the unitarity of the transformations in
Eq. 2.26. Applying similar eld transformations in Eq. 2.28, one obtains

L U W Uz enl W oz
S i i (2.32)
COS

U julz +bp ;DiZ
which vanishes for 6 j | that is, the weak neutral current conserves avour.

2.2.2 Flavour changing neutral currents

Processes in which quark avour is changed but electric charge is not are callestour
changing neutral current (FCNC) interactions. Such processes do occur in the SM,
although they are highly suppressed. Th&° cannot mediate them, therefore they occur
only via loop level processes such as the s*° processes shown in gure 2.1 in which
two W interactions result in an overall electrically neutral avour changing process. Such
loop induced decays are much rarer than the tree level FCCC decays, since the amplitudes
are suppressed by additional powers of the weak coupling constant that enters at each
vertex. In general, they are even further suppressed via the Glashow{lliopoulos{Maiani
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Figure 2.1: Lowest order Feynman diagrams for theb! s'** transition. Diagram (a) is called
an EW penguin process, while diagram (b) is called an EW box diagram.

(GIM) mechanism [30], an important consequence of the unitarity of the CKM matrik
Since each avour changing vertex is proportional to the corresponding CKM element,
the total amplitude for an FCNC process in whichgp ! ¢ + X whereX may be any
other allowed particle(s), is generally proportional to a sum of the form

X m?2

M Fene / \/iq1\/iq2F(M_i2); where ai; e 2fd;s;m(fu;citg): (2.33)
i=u;c;t(d;s;b) w

Here F(m2=M3 ) is a process dependent function that requires an integration of the
remaining amplitude components over the momenta of internal particles; however, its
explicit form is irrelevant to the present argument. The important fact is that it is
generally dependent on the internal quark masses and, moreover, the size of those masses
relative to the W mass. Unitarity of the CKM matrix implies

X
VigiVig, = awe»
i=u;c;t(d;s;b)

where ;% 2fd;s;ly(fu;c;tg); (2.34)

meaning that Eq. 2.33 is only nonzero due to the di erences in internal quark masses |
if all quarks had the same mass then FCNCs would be entirely forbidden. Even though
this is not the case in the SM, most of the quark masses are still small comparedMqy .
For decays of up-type quarks, the GIM suppression is very e ective since the heaviest
down-type quark, theb quark, has,\jln—vf; 0:05. Therefore, relative toMy all of the quarks

in the loop have fairly similar small masses. For decays of down-type quarks, on the other
hand, such as théb! s'*" process in Fig. 2.1, the GIM suppression is mostly broken by
the large discrepancy in mass scales between thquark and the other up-type quarks.
In fact, the t quark mass is larger tharM,y by more than a factor two, whicha priori

9Since the mass basis rotations (Eq.2.26) are unitary, the CKM matrix is unitary by construction:
V=VvYd ) wv= vPvE vWYE =1 since both Vi@ and V@ are themselves unitary.
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appears to enhance rather than suppress the amplitude. However, the diagram with a top
qguark in the loop always comes with a compensating CKM suppression factor from at
least one of the quark vertices (c.f. Egs. 2.30 and 2.31). The broken GIM suppression in
FCNC decays of down-type quarks is the main reason they have been studied far more
extensively than those of up-type quarks | they are actually observable with current
experimental precision. In any case, FCNCs are very rare processes in the SM. This makes
them particularly attractive channels since they provide a promising means to search for
NP e ects, as explained in the next subsection.

2.2.3 Searches for New Physics in the avour sector

As mention in the Chapter 1, the SM is not su cient to explain all phenomena observed

in nature. It is therefore to necessary to search for NP e ects experimentally. The general
methods underpinning these searches fall into two categories, namely, direct and indirect
searches. Direct searches involve looking for experimental signatures of the physical
production of some NP particle. For example, a NP particle may be produced inpgo
collision at the LHC and subsequently decay into SM particles, which would lead to a
peak in the invariant mass spectrum of those SM patrticles located at the mass of the NP
particle when analysed experimentally. It is also possible that the NP particle does not
decay back to SM particles and is rather detected as apparent missing energy by checking
for overall energy conservation in the collision. Direct searches are the means by which
all known particles of the SM were con rmed to exist. However, NP is quite strongly
constrained from various sources to appear only at high energy scales [31]. Unfortunately,
direct searches face hard sensitivity cuto s corresponding to the centre of mass energy
achievable by the experiment. Therefore, if the NP particle has a mass higher than
the collision energy, then it cannot be produced and can never be detected in a direct
search. Currently, the prospects for direct detection of NP particles at the LHC are
relatively bleak, mostly because the anticipated discovery of supersymmetric particles
has failed to materialise and there are few other promising candidates expected_&C
energies [12{14].

Indirect searches, on the other hand, are not subject to such strict sensitivity limits.
This is due to the fact that physics from higher energy scales can nonetheless a ect
the physics below the direct production cuto through virtual contributions. Indirect
searches thus work by making precise measurements of known SM processes and looking
for deviations relative to the expected results, where the latter are obtained by making
precise predictions for the process considering only SM contributions. If an experimental
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result shows a signi cant deviation from the SM prediction, it may be considered indirect
evidence for NP. Indirect searches are complementary to direct searches, and can provide
important input to pin down unknown parameters in the NP theory even when direct
production is possible. But most importantly, indirect searches can be sensitive to NP
contributions that originate from energy scales far beyond that which is directly probable
by the experiment.

One of the drawbacks of indirect high energy NP searches in general is that the NP
signals can be very small at low energy. This is a problem if the SM signal is sizeable, since
it essentially forms a background that drowns out any sensitivity to the small NP signal.
Thankfully, this is not always the case. Returning to the FCNC processes discussed in
Sec. 2.2.2, it is in the context of indirect NP searches that their utility becomes clear.
Since FCNC processes are in general highly suppressed in the SM, small contributions
from high energy NP processes can potentially be of the same order of magnitude or larger
than the SM process. To give an example, it is conceivable that a heavy NP particle
might directly mediate FCNC processes at tree-level, which would very likely produce a
noticeable di erence in FCNC decay rates. Theories involving such particles are common
in the avour physics literature, for example, those involving so-called leptoquarks or
Z%bosons | an excellent review of such theories can be found in Ref. [32]. As will be
discussed in Sec. 2.3, the exact nature of the NP does not need to be known or even
hypothesised in order to search for its e ects. The remainder of this thesis is exclusively
concerned with indirect searches for NP in the avour sector performed in a mostly model

ASFREN

independent way focusing oio! s transitions.

2.2.4 The importance of QCD in avour physics

Although QCD conserves avour and hence is not directly of interest in the context of
avour physics, it is nonetheless a crucial part of the eld, not least because of colour
con nement. Particles that carry colour charge,i.e. quarks and gluons, cannot exist
in isolation. Rather, they must combine with other quarks and gluons to form overall
colour neutral bound states called hadrons. Consequently, a quark level process such as
b! s°*° can never be experimentally observed directly. Only hadronic level processes
of the formH,! Hs ¥ can be observed, wherblys is any hadron containing ab (s)
quark. For most purposes, hadrons come in two types: mesons, made of one quark and
one antiquark (10,); and baryons, made of three quarksg{opts).

An example of a hadronidb! s™*" process is shown in Fig. 2.2, which corresponds
to a meson equivalent of the process in Fig. 2.1a. The internal gluon lines represent
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Figure 2.2: A hadronicb! s™* process. In this case, the meson decdyy! Kg " .

the fact that the quarks are bound together by the strong interaction. At the energy
scale relevant to the QCD interactions that bind quarks into hadrons, usually denoted
oco  200MeV, the strong coupling constant s in Eq. 2.11) takes on a value that is
O(1). This means that QCD is nonperturbative at the hadronic energy scale, making such
interactions notoriously di cult to calculate. Any attempts to measure the parameters
of the SM avour sector are a ected to some degree by hadronic interactions, hence,
progress in avour physics is intimately tied to progress in QCD. In particular, searching
for small NP e ects in avour changing interactions requires accurate predictions of the
SM rates for such processes, and QCD e ects are the leading source of uncertainty in
these SM calculations. E orts to enhance understanding of QCD e ects are therefore at
the forefront of avour physics.

2.3 E ective eld theory for b! s°"° decays

The procedure of searching for indirect high energy NP e ects by precisely studying low
energy interactions does not necessarily require knowledge or assumptions about the NP
theory itself. In this section, the modern framework within which NP searches in the
avour sector are conducted is described. This framework allows searching for NP e ects
in a model independent way that requires only knowledge of the SM. It is founded on the
idea that physics occurring at very high energy scales should not in uence physics at low
energy scales in any dynamic fashion. Any in uence that it does have can be captured by
appropriately de ned e ective interactions. ldentifying evidence for NP is then a matter
of measuring the strength of the e ective interaction and comparing it to what one expects
when considering only SM contributions. As it turns out, many SM interactions already

t the description of high energy physics relative to the processes that are of interest in
avour physics. This same framework therefore allows to both simplify and improve the
accuracy of the calculations that provide the SM expectations. This concept is expanded
upon below in the speci c context ofb! s™*° decays.
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The weak bosons that mediate avour changing interactions have masses around
O(My) 80GeV. This sets the characteristic energy scale at which the dynamics of
these particles are important. On the other hand, the quarks that undergo avour
changing processes have much lower mass@¢m,) 4GeV or below, which sets the
characteristic energy scale for processes observed in experimental avour physics. The
discrepancy between these scales implies that observables in avour physics should be
largely independent of the ne dynamics of th&V and Z° bosons or any heavier particles,
which are associated with a considerably higher energy scale. In fact, weak decays were
already described reasonably well phenomenologically by the Fermi theory of beta decay
quite some time before thaN and Z° were ever posited to exist [27]. Fermi's theory is
now understood to be an example of am ective eld theory (EFT) for the weak interaction
in which the W and Z° do not feature directly, but their in uence is encapsulated by
an e ective coupling constant that describes a direct contact interaction between four
matter elds. The same concept has since been extended to a complete low energy
e ective description of possible interactions occurring at or above the EW energy scale
de ned by Mw [33]. In general, performing calculations in an EFT is much simpler
than performing the same calculations in the full theory, since the EFT contains fewer
propagating particles and loop diagrams, or none at all. Additionally, EFTs provide a
formal separation of scales and are equipped with tools to properly translate between
them which is often essential for ensuring well behaved perturbative calculations. An EFT
can be developed whenever one is in the presence of discrepant scales of some kind, which
turns out to be very common in particle physics.

An EFT classi es and separates interactions based on the energy scales at which they
become relevant, with the end result being an approximate theory in which any irrelevant
or unresolvable e ects are removed from the theory as dynamical degrees of freedom. For
example, ifE is the typical scale relevant to some process of interest, and is the typical
scale of some high energy physics, thén implies the high energy physics can be
neglected. In practice, this amounts to leveraging the scale hierarchy to construct a new
perturbative expansion parameterg.g. E=, and then truncating calculations at a given
order in the expansion [34]. Although the EFT is no longer the true theory, its predictions
remain valid so long asE is ful lled, since this ensures that the neglected higher
order terms in the expansion remain small. This is often referred to astegrating out
the degrees of freedom above the scale . Detailed references on EFTsBodecays are
plentiful and the interested reader is directed to Refs. [381], from which this section is
derived, for further information.
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2.3.1 Operator Product Expansion

For the case of a separation in energy scales as one habl!ins™*"~ decays, it can be
conceptually useful to translate the problem in terms of distance scales. This will also
help to illuminate the terminology used in later sections of this thesis. Ultimately, there is
an inverse relationship between the twoE  1=x, meaning large energy scales correspond
to short distance scales and vice versa. For any given process in QFT, particles of any
mass that are consistent with the symmetries of the theory can in principle contribute to
the process virtually. However, they can only do so by going far-shell if their mass is
signi cantly heavier than the energy scale of the proces8.The Heisenberg uncertainty
principle allows virtual particles to be o -shell provided that they decay within a short
enough timespan. However, at a certain point the allowed timespan becomes so small
that the virtual particle cannot propagate any meaningful distance | its contributions

are con ned to local interactions. For a low energy process such apla s'*° transition,

the characteristic distance scal& 1=m is signi cantly larger than, say, the distance
scalex 1=My at which virtual W particles contribute. The same is true of any would
be contributions from heavy NP particles. All such contributions can be integrated out of
the theory and considered as local point interactions between the low energy SM elds
involved. To exploit this, one can write down an e ective Lagrangian that only contains
local interaction terms involving elds below the mass scale of the lightest particle
integrated out, called the EFT scale. Such a Lagrangian generally has the form

Le = : G()Oi( ); (2.35)
i

where is an arbitrary energy scale usually known as the renormalisation scale. The
operatorsO; refer to e ective local operators which contain the dynamical elds still left

in the theory, while the e ect of the heavy elds is encapsulated by the e ective coupling
constantsG, known as Wilson Coe cients, which are de ned to be dimensionless numbers.
This method of constructing an e ective Lagrangian is known as an operator product
expansion (OPE). In principle, the OPE contains in nitely many terms, however, the

e ective operators are associated with inverse powers of the EFT scale . Therefore,
terms can be organised by their EFT scale suppression factors in a process known as

Ovirtual particles are internal particles in a Feynman diagram and do not correspond to physically
observable particles. The term \o -shell" is particle physics jargon for particles that do not satisfy
the relativistic energy-momentum relation, i.e. E? j pj?> 6 m?, where E is the particles energy,p
its momentum, and m its mass. Only virtual particles can be o -shell, while physical states must be
on-shell.
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power counting, and terms beyond a chosen order in the power counting can be neglected.
In general, the values of the Wilson Coe cients are calculated by matching the results

of calculations in the e ective theory to the same calculations in the full theory. Doing so

requires equating matrix elements,

X I
M = G( o)HjOi( o)jii = M jL rujii: (2.36)

i

which represent the amplitude for a generic! f process. The= sign indicates that this
condition is manually imposed on the otherwise unconstrained OPE to determine the
coe cients. For example, to obtain SM predictions for the Wilson Coe cients, one would
replaceL gy with Lsy. Physical observables such as decay rates and cross-sections can
be calculated from the square of the matrix elementMj 2. The value of any physical
observable is, of course, independent of the arbitrary renormalisation scalghowever,

the scale dependence of the e ective operators and Wilson Coe cients themselves is
nontrivial. The matching calculations are performed at a chosen value= o, which is
typically taken to be the EFT scale . Since this scale is generally large relative to gcp ,

the Wilson coe cients can be calculated perturbatively via an expansion in the strong
coupling constant [41],

G=q%+ 2ds gt dPro( Y, (2.37)

where ¢ = 2—3 is the strong interaction analogue of the ne structure constant. The
values of the Wilson Coe cients are then translated to the energy scales of interest via

renormalisation [37],

G()= Ui (5 0C( o) (2.38)
ij
whereU(; o) is called the evolution matrix, which is in general not diagonal and therefore
renormalisation leads to mixing between operators.

2.3.2 E ective Lagrangian for b! s *° decays

AN

Returning to b! s processes, which in the SM are mediated by weak charged current
interactions, the scale separatiom, My, implies that the dynamical aspects oWV
Z% HO° andt can all be neglected. This particular EFT framework is known as the Weak

E ective Theory (WET). An OPE is constructed by integrating out said particles from
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the full SM Lagrangian, resulting in the following e ective Lagrangian [42],

Lwer = '—gE::? + Lgczs + L s (2.39)

where the superscriptns =5 indicates that there are only ve active quark avours. The
part of this Lagrangian that speci cally describesh! s'*° transitions is written as,

bsll GF X X
Lt = B5 VaVe  G()OT() (2.40)
n = uc | I #
Ge X2 . Ho X . .
= B5 WV GO+ GO +VaV, G(OF O (241)
i=1 i=3 i=1;2

+(G!C ;0,10 )

whereGg = :Vzgé is called the Fermi constant. It is customary to factor out the CKM
elements so that the Wilson Coe cients are independent of the internal quarks. In
Eq. 2.41, the unitarity of the CKM matrix has been used to eliminatéVe,V,,. The terms
proportional V,V,, are strongly CKM suppressed and are usually neglected but are kept
here for completeness. The e ective operators typically considered importantbd  s™*°
processes are [42, 43]:

07 = (s TaOQ(CL T%h); O3 = (s CL)(CLX b);
Oj=(s. h) (p p; Oj=(s. T%q) (p T%);
Y P X
Og = (st h) (p p); Of = (s Th)  (p T°p);
p p

0, = Fezmb(sL ) F 0’ = Kezmb(SR h)F (2.42)
Og = 1gszmb(SL k)G ; O = 1252mb(SR h)G ;

e? o 0 e .
Og = 16 2 (st h) : Oy = 16 2 (sr br) ;
O = 1222 (st h) s Oio‘ = 1222 (sr R) s

In principle, contributions from scalar and pseudoscalar operators are also possible but
are neglected in Eq. 2.41. In the above = gsin  is the fundamental unit of electric
charge, and = [ ; ] are commutators of the Dirac gamma matrices. The other
guantities are as de ned in previous sections. The corresponding Wilson coe cients are
calculated considering up to two-loop processes at the matching scale My, referred

to as to next-to-next-to-leading order (NNLO) accuracy. The renormalised values at the
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relevant scale = my=4:2GeV are found to be [44, 45]

C(mg) = 0291 0:009 G(my) = 1:010 0:00%
G(my) = 0:0062 0:0002 Ci(my) = 0:0873 0:001Q
G(my) = 0:0004 0:001Q Gs(my) = 0:0012 0:000% (2.43)
G(my) = 0:3373 0:042% G(my) = 0:1829 0:0008
G(mp) = 4:273 0:251 Co(mp) = 4166  0:033

where the uncertainties account for variation of the renormalisation scale between=
mpy=2=2:1GeVicand =2m,=8:4GeV/c.

Forb! s'*° processes in practice, the dominant operators among those in Eq. 2.42
are O7.9.10. corresponding to the e ective vertices shown in Fig. 2.3a and 2.3b. The
operators Og and O, describe a directb! s'*° transition which proceeds through
a vector lepton current and an axial vector lepton current, respectively, while th®;
operator describes @! s (! "*° ) transition and thus comes along with a photon
propagator in the amplitude. For the operatorsO; and Og, the renormalisation evolution
from My down to m;, results in signi cant mixing with the four quark operators O . since
the latter can similarly couple through a virtual photon to a vector lepton current. These
contributions are discussed further in the following subsection. Since tl@, operator
involves an axial vector lepton current, it is not subject to the same contributions.

2.3.3 Nonlocal operators

The dominantb! s*° operatorsOz.g.10 give genuine local contributions to the am-
plitudes involving only the e ective vertex. Meanwhile, the operatorsO?,, represent
tree-level W exchange between two quark currents, an@s.s represent QCD penguin
processes (analogous to Fig 2.1a but with a gluon emitted from the loop rather than a
Z% ). These operators enteb! s'*° amplitudes at loop level through diagrams of
the type shown in Fig. 2.3c. For this reason, they are said to be the source of nonlocal
contributions, since the composite operators that enter the amplitudes involve interactions
beyond those contained in the local operator basis of the OPE. The nonlocal contributions
are dominated byOj., and are described by the following operator,

7 ( X L)
K (=16 2 d*e4*T J (x); G (Of+ 0f) (0) ; (2.44)

i=1,2
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(@ (b) (c)

Figure 2.3: Examples of electroweak e ective operators. (a) TheO; electromagnetic dipole
operator corresponding to photon emission. (b) The semileptonic operator®g and O1q. corre-
sponding to vector and axial vector currents, respectively. (¢) Nonlocal quark loop operator.

which is a function of the four-momentumq of the nal state dilepton pair. The T in

Eq. 2.44 is known as the time ordering operator andl (x) = o) (x) is the

electromagnetic current withQ the electric charge. The most signi cant contributions
come fromOf in K and hence Eq. 2.44 is usually called the charm loop operator.

It is particularly di cult to calculate the nonlocal contributions since the intermediate
quark loop can interact via nonperturbative QCD with the quarks in the initial and
nal state. Moreover, the nonlocal contributions become dominant over the local ones
at certain values of the squared four-momentum transfet?, which is equivalent to the
squared dilepton invariant mass. This corresponds to when the interngd pair in Fig. 2.3c
form a short lived on-shell hadronic state, known as a resonance, before decaying to
leptons. It is known that the leading order nonlocal e ects manifest as corrections to
the local Wilson Coe cients G and G [46{48]. As alluded to in the previous subsection,
these corrections are already evident in the renormalisation scale evolution@fand G,
however, the perturbative approach is not su cient to describe them. Nonperturbative
methods are needed and the corrections in general depend on the valug?adind on the
hadronic channel and polarisations. Consequently, the size of the nonlocal corrections
is not well understood, even outside the resonant regions. In fact, understanding such
e ects currently constitutes one of the main problems in avour physics and is the primary
motivation for the analysis presented in Chapter 4.

2.3.4 Hadronic matrix elements and form factors

~

As mentioned in section 2.2.4, free quark processes such aslthe s°*° transition
cannot be observed directly. Instead, these interactions are taking place within hadrons.
Regardless of whether the quark level process is described in the full SM or in an EFT
such as the WET framework, it must be embedded within a transition between ingoing

and outgoing states containing hadrons in order to calculate any physical observables. For
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example, theB®! K © * decayis ab! s'*" transition in which the initial b quark
and the nal s quark are both bound with ad quark. The amplitude for this process in
the WET framework is given by

X
M

G( K > jOi( )iB

X (2.45)
G( ) %0i( )iBOiL;;

wherel; represents the leptonic part of the amplitude, which typically factorises from
the hadronic part (since leptons do not interact via QCD), andQ; is the remaining
hadronic part of the operator. Note that the Lorentz indices are omitted here. Each of
the operatorsO; contributing to the amplitude thus requires the calculation of a hadronic
matrix element,

Fi(p;ik; )= K °(k; )iOijB (p)i; (2.46)

wherep is the four-momentum of theB?, k is the four-momentum of theK © and its
polarisation vector. These hadronic matrix elements describe nonperturbative QCD e ects
and carry nontrivial Lorentz transformation properties in general. The method to deal
with them is to use a general Lorentz decomposition, which involves the introduction of one
unknown scalar functionF; (), called aform factor, for each independent allowed Lorentz
structure. Being scalar functions, theF; (¢?) depend only on the squared momentum
transfer? = (p k). However, they area priori unconstrained and cannot be calculated
in perturbation theory. Moreover, they are directly degenerate with the Wilson Coe cients
in the amplitude, which after the form factor decomposition takes the form

M = 4§ G()Fij (S (pik; )L (2.47)
]
whereS; (p; k; ) represent the Lorentz structures used for the decomposition and have a
xed functional form. As will be discussed further in the next section, one of the goals
of the WET approach is to have a model independent method to search for NP e ects
by measuring the Wilson Coe cients experimentally and comparing the results to SM
predictions. However, the Wilson Coe cients are not themselves physical observables
| rather, their values must be inferred from experiment by xing essentially all other
free parameters in the amplitudes. This requires, in particular, that the form factors
be known with relatively good precision. Currently the best approach to form factor
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predictions is lattice QCD (LQCD), which involves running numerical simulations of
QCD interactions on a discretised spacetime lattice. However, such calculations are
extremely computationally intensive and therefore remain limited in precision and?
coverage. Another complementary method known as light cone sum rules (LCSRs) also
exists that covers somep regions that LQCD has not yet accessed. However, this method
also remains limited in precision for other reasons and will eventually by surpassed by
LQCD results. More details on form factors irb! s*° decays are given in Chapter 4.

2.4 The B anomalies and global ts

As mentioned in the introduction, there are several measurementslof s'*° processes
that appear to deviate from the predictions of the SM. These results are collectively referred
to as the B anomalies. One of the most prominent examples that still persists is the
P2 angular anomaly in theB®! K © *  decay shown in Fig. 2.4a. The experimental
results generally sit above the SM predictions in the low? region, most notably in
the 4 ¢ 6Gev=c¢ and 6 ¢ 8GeV=c bins. The dierential branching
fraction, dB(B°! K ° * )=dd, has also been measured by a number of experiments
and, although the deviation is less signi cant than folP?, the experimental results generally
sit below the SM predictions for the branching fraction in the same? bins.

Using the WET framework, measurements of physical observables suchRésand
dB=dcf can be translated into values of the underlying e ective theory parametergg. the
Wilson Coe cients. Therefore, the B anomalies can be directly expressed as deviations

€Y (b)

Figure 2.4: Comparison of measurements and theoretical predictions for the optimised angular
observableP? for the decayB%! K © *  (gures obtained from Ref. [49]). Experimental
results are shown forATLAS [50], CMS [51, 52],LHCb [4, 21, 53],CDF [54], and Belle [55, 56].
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Figure 2.5: The present status of global tstob! s'*° observables. The reader is referred to
Refs. [57, 58] for the full list of inputs. 1 (dark shaded) and 2 con dence regions are shown
for two possible scenarios: (a) NP contributions are allowed to vary in G ;Gypo ); (b) NP
contributions are allowed to vary in (G ; Ge). Both scenarios are consistent withGYF = 1 at
1 . In the second scenario, LFU conserving NP is preferred withtChF = C\P. This scenario
provides the optimal t to the data in the scenarios considered. Figure obtained from Ref. [58]

in the Wilson Coe cients obtained from measured observables relative to their SM
values obtained via the methods described in Sec. 2.3.1. Sinceball s~ observables
ultimately depend on the same WET parameters, they can be analysed collectively through
global ts in which the Wilson Coe cients are considered as free parameters that are
varied to best match all available data. This allows to identify potential NP contributions
to speci ¢ Wilson Coe cients without any dependence on speci ¢ NP models | in other
words, the best t values are given byG = GV + G'P.

Global ts of b! s*° decays are widespread in the literature and have been
performed within a broad range of theoretical and statistical frameworks. Examples
including the most up to date experimental inputs can be found in Refs. [681]. The
current status of globalb! s*° ts as determined in Ref. [58] is summarised in Fig. 2.5,
which shows two-dimensional con dence regions for selected combinations of the Wilson
coe cients. In these ts, separate Wilson Coe cients are allowed for each possible lepton
avour | e.g.G corresponds tob! s * | while G corresponds tob! se'e . In
Fig. 2.5a, results are shown for ts in whichG and G, are allowed to vary, and the
preferred region in the global t (blue) sits clearly away from the SM value, corresponding
to a NP shift of QP 1, while G, is perfectly compatible with the SM. The other

27



shaded regions show ts to di erent subsets of the observables which all show consistent
results. In Fig. 2.5b, the same ts are performed this time allowingy and G to vary.
The results preferQ = QF 1, which is consistent with Fig. 2.5a and additionally
favours couplings that are universal with respect to the lepton avours. This latter
scenario provides the best description of the available data out of all those considered.

In performing b! s™*° global ts and obtaining the Wilson Coe cients from
experimental data, other parameters of the WET amplitudes must be xed from SM
calculations, which includes parameterising and xing the nonlocal contributions. There is
is currently no universally accepted method for doing this and di erent approaches lead to
di erent results. The authors of Refs. [57, 58] have noted that the results of global ts have
generally shown little dependence on the chosen approach for the nonlocal contributions.
However, they are still relatively unconstrained and there is in principle room for nonlocal
contributions that by some mechanism produce corrections to the Wilson Coe cients
that appear universal across the di erent hadronic modes andg? bins considered. If such
contributions exist, they would be indistinguishable from NP contributions even through
global ts.

The possibility of NP inb! s™*° decays and the in uence of nonlocal contributions
will be discussed in more detail in the context of th&°! K © *  decay in Chapter 4,
where a new method for determining their in uence experimentally using data collected
with the LHCDb detector is presented.
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Chapter 3

The LHCDb experiment

3.1 Overview

The LHCb experiment is one of the four primary experiments taking place at theHC, lo-
cated at the European Organisation for Nuclear Research (CERN) in Geneva, Switzerland.
It is a dedicated avour physics experiment designed to study decays of heavy quarks,

Figure 3.1: The LHCb detector as designed for its rst two periods of data taking, Runs 1 and
2, which took place between 2011 and 2018. The interaction region whengp collisions take
place is on the left of the diagram atz = 0 m. Figure obtained from Ref. [62].
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i.e. bandc quarks. The LHCb detector [62, 63] itself is a spectrometer covering the
forward region, which in collider language means concentrated mostly down the beam line.
Shown in Fig. 3.1 is a diagram of the.HCb detector as designed for its rst two periods

of data taking, Runs 1 and 2, which took place between 2011 and 2018. The detector has
since been upgraded for the Run 3 data taking period; however, RBHCb data used for the
analyses described in this thesis was collected during the years 2011{2018. For this reason,
the con guration and operation of the Run 3 detector will not be discussed in any detail
here. TheLHCb detector design is notably in contrast to the othel.HC experiments
whose detectors are built cylindrically around the beam line with the interaction region in
the centre in order to study the transverse (highpr) region. The geometrical acceptance
of the detector covers the pseudorapidity range2 < 5, which corresponds to a polar
angle of approximately 250nrad with respect to the beam axis. At theLHC collision
energies b pairs are predominantly produced in this forward region [62].

3.2 Detector components and operation

3.2.1 Tracking and vertexing system

The detector includes a high-precision tracking system that measures particle momenta
and locates interaction vertices. It identi es charged particles as a series of hits in several
dedicated tracking stations spread throughout the detector. The tracking system starts
with a silicon-strip vertex locator (VELO) [64, 65] surrounding thepp interaction region
(z = 0min Fig. 3.1), which identi es primary interaction vertices (PVs) with a high
spatial precision. The actual PV resolution achieved depends strongly on the number of
tracks used to reconstruct the PV, varying from around 35m down to 10 m in the xy
plane and from around 300 m down to 50 m in the z axis. The VELO also identi es
secondary vertices and provides high resolution measurements of the impact parameter
(IP), i.e. the distance of closest approach for tracks relative to the PV. This is crucial
for background rejection in the study ofo-hadron decays, since they are relatively long
lived particles and decay at a vertex that is displaced from the PV. The IP resolution is
inversely proportional to the transverse momentumpg) of the track and is better than
35 m for tracks with pr > 1 GeVic.

Beyond the VELO, a large-area silicon-strip detector, the TT station, is located
upstream of a dipole magnet with a bending power of about®™m, and three stations
of silicon-strip detectors and straw drift tubes (T1, T2, T3) are placed downstream of
the magnet. The magnet causes the trajectory of charged particles to curve as they pass
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Figure 3.2: Track types at LHCb. Figure obtained from Ref. [67].

through it, with the curvature being proportional to the momentum of the patrticle.

The identi cation of tracks performed using a dedicated pattern recognition algorithm.
This is followed by a Kalman lIter based track tting algorithm [66] which allows the
precise measurement of the track properties including the momentum measurement. Lastly,
failed track ts and duplicate tracks are removed to maintain the cleanest events possible.
Several track types are possible as illustrated in Fig. 3.2 and listed below:

A

VELO tracks: use measurements within the VELO only. They are used for vertexing
and (can) make up the rst segment of longer tracks.

T tracks: use measurements from the main tracking stations, T1{T3. They make
up the nal segment of longer tracks.

Long tracks: use measurements from the VELO and from the main tracking stations,
i.e. they traverse the full tracking system and give the most accurate momentum
and vertex measurements.

Downstream tracks: use measurements from the TT and T1{T3 stations (but not
the VELO). These tracks provide momentum and vertex measurements that are
less precise than long tracks.

In general, the tracking system provides a measurement of the momentup,of charged
particles with a relative uncertainty that varies from 0.5% at low momentum to 1.0%
at 200GeVic. The IP of a track relative to the PV is measured with a resolution of

(15+29=pr) m, wherepy is the component of the momentum transverse to the beam,
in GeV/ c.
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3.2.2 Particle identi cation system

The LHCb detector has a multifaceted particle identi cation (PID) system providing
discrimination between di erent particle species | both charged and neutral. The various
PID subdetectors produce separate sets of variables that are used as input to several
multivariate (MVA) classi ers trained to identify certain particle species.

Ring-imaging Cherenkov detectors

Di erent types of charged hadrons are distinguished using information from two ring-
imaging Cherenkov (RICH) detectors, RICH1 and RICH2 [68]. The RICH detectors
consist of chambers of gas instrumented with mirrors, focusing optics, and photodetectors
to extract the Cherenkov radiation emitted by charged particles that pass through the
medium. This occurs for particles with a velocity > c=n, wheren is the refractive index

of the medium. This is equivalent to a momentum threshold of

P> =i (3.1)
n 1
and the radiation is emitted at an angle
P
_C_ m+p?
C - m - T. (3.2)

The RICH reconstruction requires input from the tracking system. It involves cal-
culating the expected ¢ angle for each track in the event under various sets of mass
hypotheses. That is, the momentum measurements from the tracking system are combined
with an assumption of the particle masses to determine the Cherenkov angles. The
expected ¢ angles are then compared to the actual distribution of Cherenkov photons
observed in the RICH detectors. The mass hypotheses are then varied to nd the best
tting set of particle types. More speci cally, a global likelihood valueL ( nis; cjY) is
calculated for the Cherenkov angle distribution, s, of photons in the RICH detectors
under the hypothesis that the tracks in the event have masses corresponding to the set
of particles Y. Since pions are the most abundant particles produced pp collisions,
the baseline hypothesis assumes that all tracks in the event are pion tracks. An iterative
algorithm then loops over all tracks in the event and changes the mass hypothesis for the
track to Y; 2 f e; ;p; K g, recomputing the global likelihood each time. After considering
all hypotheses for all tracks, the change that leads to the largest improvement in the
likelihood is taken as the preferred hypothesis for that track, the optimal likelihood and
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Table 3.1: Cherenkov thresholds for common patrticles in the LHCb RICH detectors.

Particle RICH1 RICH2

e 9.6 MeVic 16.1MeVic
2.0GeVic 3.4GeVic
2.6GeVic  4.4GeVic

K 9.3GeVIic 15.6 GeVic

p 17.7GeMc 29.7 GeMlc

set of particlesY is updated accordingly, and the procedure is repeated until there is no
further improvement in the likelihood! The nal output of the RICH reconstruction is a
set of variables,

DLLX =1In L( nis; ciX;Y) InL( nis; cj;Y ); (3.3)

for each track, representing the change in the global log likelihood when the track's mass
hypothesis is changed from the baseline pion hypothesisXo2 f e; ;p;K g. The DLLX
variables can be used directly for selections. Alternatively, they can be combined with
complementary PID information from other subdetectors using MVA classi cation tools.

The RICH1 detector is located upstream of the magnet and is attached directly to
the VELO exit window, covering the full LHCb angular acceptance. It is optimised for
low momentum particles, usingC4F,9 as a radiator with refractive indexn = 1:0014.
The RICH2 detector is downstream of the magnet with a reduced angular acceptance
extending to approximately 120mrad relative to the beam line. It is optimised for higher
momentum particles, which are typically produced at low angles. The RICH2 radiator is
CF4 with n = 1:0005. The Cherenkov radiation thresholds for the relevant particles at
LHCDb are listed for both RICH detectors in Table 3.1.

Calorimeter system

Photons, electrons and hadrons are identi ed by a calorimeter system consisting of a
scintillating-pad detector (SPD), a preshower (PS) detector, an electromagnetic calorimeter
(ECAL) and a hadronic calorimeter (HCAL). The ECAL is the primary apparatus in
the calorimeter system, and the other subdetectors mostly exist to augment the ECAL
information in the absence of tracking information. The reconstruction of the calorimeter

1A number of optimisations are made to the RICH algorithm to improve the average case complexity,
including adding early termination criteria and reducing the set of tracks in each iteration to only those
that are likely to change their preferred hypothesis.
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system proceeds in several stages, beginning with a basic clustering of hits in the ECAL.
The ECAL clusters are then associated with the PS, SPD, and HCAL readout from the
same cells. This information is used as input to the hardware trigger described in Sec. 3.2.5
to signal the presence of high energy photons, electrons, and hadrons. If an event is
accepted by the hardware trigger, a more comprehensive reconstruction is performed,
which utilises information from the tracking system to perform particle identi cation.

Tracks are extrapolated to the calorimeter and matched with the clusters found in
the ECAL, which distinguishes charged clusters from neutral ones. The SPD provides
additional indication of charge to identify converted photon clusters. The total energy of
each cluster and other variables related to the energy deposition pro le are calculated
using the ECAL, PS, and HCAL. All of this information is then provided as input to
MVA classi ers trained to identify various species of charged and neutral particles.

3.2.3 Muon identi cation system

Muons are primarily identi ed by a dedicated system [69] composed of alternating layers
of iron shielding and multiwire proportional chambers. Muons penetrate much further
through the detector material than most other particle species, hence, the muon stations
are located at the end of the detector furthest away from the interaction region. The
interleaved layers of iron shielding take further advantage of this by lItering out any
background particles that survive beyond the calorimeter system. There are ve muon
stations (M1{M5), with one station (M1) being located before the calorimeter system,
and the rest behind it. Each muon station is segmented into 4 concentric rectangular
regions (R1{R4), as shown in Fig. 3.3, with increasing granularity towards the beam line
where the ux of particles is the highest.

Similar to the calorimeter system, the muon system undergoes a basic local recon-
struction that is used as input to the hardware trigger described in Sec. 3.2.5. If an event
is accepted by the hardware trigger, a more comprehensive reconstruction is performed
that utilises tracking information. In any case, since the muon stations have fairly little
background to contend with, the requirements to identify muons are kept as simplistic
as possible. In the full reconstruction based on extrapolated tracks, consecutive hits in
two or more muon stations are required, dependent upon the momentum of the track as
shown in Table. 3.2. This provides a binary muon identi cation variable, calleisMuon,
which is close to 100% e cient, especially for higlpr muons. TheisMuon algorithm
has a misidenti cation rate 2% for hadrons. The latter is improved upon by a second
algorithm that calculates a likelihood value for the set of observed hits in the muon

34



Figure 3.3: Schematic diagram of a muon station viewed front-on. The station consists of four
concentric regions, R1{R4, with increasing granularity towards the beam line.

stations given the extrapolated tracks. The likelihood is calculated under the muon and
proton hypotheses and the nal output is a variable, DLL , representing the di erence in
log likelihoods between the muon and non-mudrhypotheses, similar to those produced
by the RICH reconstruction.

Track momentum | Required hits

3<p< 6GeVic | M2 and M3

6<p< 10GeVic | M2 and M3 and (M3 or M4)
p > 10GeVic M2 and M3 and M3 and M4

Table 3.2: Requirements for a track of momentump to be identi ed as a muon.

3.2.4 Data ow and event reconstruction

In order to reconstruct complete events, the data from each subdetector system described
above must be combined and synchronised. The genekdChb data ow which achieves
this is shown schematically in Fig. 3.4. The raw data collected by each subdetector is
processed in situ by the subdetector front-end boards (FEBs). These are typically custom
hardware devices consisting of application speci ¢ integrated circuits (ASICs) and eld
programmable gate arrays (FPGAs) designed to amplify, shape, and digitise the signals
from the subdetectors. TheLHC operates at a bunch crossirigfrequency of 4MHz,
which means that each subdetector can expect to receive signals from a rmgweollision

2The likelihood for the proton hypothesis is taken to be representative of all other hadrons.

3The LHC proton beams are pulsed, meaning that the beam constituents are distributed in bunches with
a xed separation between each bunch. A bunch crossing thus refers to when bunches from two opposing
beams pass through the same region of space.
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Figure 3.4: The LHCb event reconstruction data ow. The diagram shows the main processing
stages required to go from raw data collected by the detector to fully reconstructed physics
analysis level data saved to permanent storage.

roughly every 25ns. The FEBs are designed to operate at a minimum of 40Hz to match

the bunch crossing rate. In some cases.g. for the ECAL and muon systems, the FEBs
perform some basic reconstruction tasks such as clustering of signals in order to crudely
evaluate the worthiness of the event for further processing. The subsequent processing
stages in the data ow are in general not designed to operate at the full bunch crossing
rate. Therefore, already at this rst stage of the data ow, events which are deemed
unworthy of further processing are discarded completely. The decision of whether to keep
an event or to discard it is performed by the level zero (LO) hardware trigger unit, which

is described in more detail in Sec. 3.2.5. The LO trigger reduces the rate of events down
to 1 MHz.

Following the initial processing in the FEBs, the data from each subdetector is
transmitted in a compressed packet format along with a bunch crossing identi cation
number to a system of common data acquisition (DAQ) boards located away from the
detector, sometimes referred to as the back-end boards. The back-end DAQ system
contains FPGAs and is responsible for unpacking the data received from the FEBs
and aligning all packets belonging to same evente. with the same bunch crossing
identi cation number. This data is then passed in a standardised format to the event
builder (EB) network which begins the process of detector-wide event reconstruction. The
EB network [70] receives fragmented events asynchronously from the DAQ boards, and
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has the task of routing all fragments belonging to the same event to a single destination
for processing by the high level trigger (HLT) system. This two stage software trigger,
described in more detail in Sec. 3.2.5, runs physics inspired algorithms over the complete
events received from the EB network in order convert the raw detector data into analysis
level data objects which can be associated to physical processes that took place in the
detector. For example, hits in the tracking detectors may be associated to tracks left by
charged particles that may subsequently be traced back to the decay of a parent particle
or to a PV. At the same time event reconstruction is taking place, Itering of events is
also occurring to further reduce the data rate to a level that is practical for permanent
storage. The actual rate of events saved to permanent storage varied from arounkHz

to 12.5kHz over Runs 1 and 2 [71{73].

3.2.5 Trigger system

As mentioned in the previous subsection, the reconstruction and selection of events is
performed by a trigger [71, 72], which consists of a hardware stage based on information
from the calorimeter and muon systems, followed by a software stage, which applies a full
event reconstruction using information from all subdetectors. Data is processed in the
trigger by various "trigger lines", which are de ned by a sequence of reconstruction and
selection algorithms. At each stage and within each line, trigger signals are associated with
reconstructed particles. Selection requirements can therefore be made on a given trigger
line decision itself {(.e. pass or fail) and on whether the decision was: due to the signal
candidate | referred to as the trigger on signal (TOS) category; or due to other particles
produced in the pp collision | referred to as the trigger independent of signal (TIS)
category. Trigger decisions can also be both TIS and TOS if both the signal candidate
and the rest of the event are each su cient to trigger on the event. Alternatively, a trigger
decision could be neither TIS nor TOS, sometimes called trigger on both (TOB), if neither
the signal nor the rest of the event are themselves su cient to trigger the event.

The set of active trigger lines and the requirements of a given trigger line can change
over time in realistic data taking, for example, in response to data quality and event rate
monitoring. This is especially true of the hardware trigger. The speci c set of trigger
lines and requirements in use at any given time is uniquely identi ed by a 32 bit trigger
con guration key (TCK). The use of TCKs makes it possible to produce simulated data
with conditions relevant to speci ¢ data taking periods.
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Hardware trigger

The LHCb hardware trigger, known as LO, is a xed latency trigger that uses input from
the calorimeter and muon systems to arrive at a decision on whether to process the event
or not within 4 s. It receives input at the full LHC bunch crossing rate of 4MHz and
reduces this rate to IMHz. The two input streams provide independent triggers and the
global LO decision is a logical OR combination of them.

As explained in Sec. 3.2.3, the muon stations each consist of four regions. The four
regions are processed independently in the LO trigger, and each region proposes two
candidates per event, corresponding to the two highept muon candidates identi ed in
that region. The candidates are identi ed as sequences of hits in the ve muon stations
that form a straight line pointing back towards the interaction region. The muon trigger is
then composed of two subtriggers: a single muon triggdrtDMuonwhich sets a threshold

largest

on the highestpr, p7 -, of the eight candidates; and a dimuon pair trigger.ODiMuon

2nd largest

Py
The LO calorimeter trigger is based on information from the PS, SPD, ECAL, and

which sets a threshold on the producp2®'

of the two highestp; candidates.
HCAL and considers all 2 2 clusters of cells as potential candidates. The ECAL and
HCAL are parallel processed by a collection of front-end board (FEBS) in regions of %
cells, therefore each FEB processes 32 possible cluster candidates. Each FEB retains the
cluster with the highest transverse energy, de ned as

X
Er = E;sin i; (3.4)
i
whereE; is the energy deposited in cell, ; is the angle between the beam linez{axis)
and the centre of celli, and the sum runs over each cell in the cluster. Clusters with
energy deposits in the HCAL are considered as hadron candidates, while clusters with
energy deposits in the ECAL and PS but no HCAL or SPD hits are considered as photon
candidates. If the latter also have SPD hits, then the cluster is considered an electron
candidate. Ultimately, the retained candidates are compared against a xelflt threshold,
and if at least one candidate passes then the event is accepted by the LO calorimeter
trigger.

Software trigger

The HLT system is a software trigger that processes events accepted by the LO trigger. It
is divided into two stages known as HLT1 and HLT2.
The HLT1 stage performs a partial event reconstruction and some basic selections to the
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reduce the event rate from MHz to around 110kHz. The HLT1 processing focuses mainly
on the objects that were responsible for the LO trigger decision and consists in identifying
primary vertices (PVs) and long tracks. In particular, several dedicated muon trigger
lines search for muon candidates by matching extrapolated VELO tracks to hits in the
muon stations. If these muon candidates satisfy certain t quality criteria, then their hits
in the remaining tracking stations are reconstructed to make a momentum measurement.
Additionally, several inclusive trigger lines search for VELO tracks and vertices with
large displacement from any PV. The identi ed tracks are similarly extrapolated to the
other tracking stations to perform a momentum measurement. Some cuts are additionally
placed on the minimumpy of the tracks found by the muon and inclusive lines. The
HLT1 processing is required to be fast, with 30msto execute, and consequently the
HLT1 algorithms are simpli ed relative to the full reconstruction and less accurate. The
complete tracking is therefore run again in the HLT2 stage.

The HLT2 stage performs a full event reconstruction, which includes rerunning the
HLT1 tracking algorithms with less strict minimum momentum requirements and including
downstream tracks. The downstream tracks are identi ed in the T-stations after the
magnet and then extrapolated backwards through the magnetic eld to the TT station
in order to produce a momentum measurement. Neutral particles are reconstructed by
the calorimeter system and HLT2 then performs full PID using the tracking information,
the RICH detectors, the calorimeter system, and the muon system. In Run 1, further
0 ine processing was required to improve upon the HLT2 reconstruction; however, after
many algorithmic improvements and enhanced real time calibration, the Run 2 HLT2
reconstruction reached identical quality to the o ine reconstruction, making any further
processing obsolete.

3.3 Simulation

Simulation is required for many purposes ihHCb. At the analysis level, it is required to
study and model the impacts of the nite resolution and acceptance of the detector, and
likewise for the selection requirements imposed to produce the datasets to be analysed.
In the simulation, pp collisions are generated usingythia [74] with a specic LHCb

con guration [75]. Decays of unstable particles are described lgvtGen [76], in which
nal-state radiation is generated usingPhotos [77]. The interaction of the generated
particles with the detector and its response are implemented using ti&eant4 toolkit [78]

as described in Ref. [79]. The generation of simulated decays is based on Monte Carlo
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(MC) methods, hence the simulated samples are typically referred to as MC samples.
For the analyses presented in this thesis, several di erent types of simulated datasets
are used. Namely,

A

Physics samples: fully simulated decays corresponding to a speci ¢ process of interest,
generated according to a dedicateBvtGen model for that process. For example,
a model specic tob! s'*° decays.

Phase space (PHSP) samples: fully simulated signal decays generated according to
a general purposd&evtGen model, which treats the matrix element for the process
as a constant. The samples are thus generated uniformly across the available phase
space up to the roughly linear dependence on the squared momentum transfer

Flat ¢ (FLATQ2) samples: similar to the phase space samples, but the events are
reweighted such that the entire decay rate is modelled as a constant. This results in
a uniform distribution in all phase dimensions includingy.

Generator-level samples: simulated signal decays which are not run through the
LHCb detector simulation. These may be generated according to any of the models
listed above.

Typically, phase space samples are used when no reliaBMGen physics model for the
signal decay exists. The samples can be reweighted to reproduce a given physics nmedel
posteriori. With that said, it can in fact be preferable to use phase space samplesy.

for estimating absolute e ciencies, since events are evenly produced across the phase
space. The FLATQ2 model is particularly useful for this since it extends the uniformity

to the o? distribution. The generator-level samples are free of any in uence from detector
e ects and are used in this context as the denominator when calculating detector related
e ciencies, such as the geometrical acceptance.
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Chapter 4

Analysis of B9l K 9 *  decays

4.1 Overview

In this chapter, a model of theB®! K ° *  decay is developed using the WET
framework introduced in Sec. 2.3.2. An experimental analysis [20] of the decay is performed
using LHCb data in order to measure the Wilson Coe cients and nonlocal contributions,
and the results are discussed in the context of the! s'*° global ts described in
Sec. 2.5. The model combines the local and nonlocal amplitudes across the squared
dimuon mass range 1 ¢ 180GeV=d, including for the rst time all known vector
resonances coupling to muons, as well as two particle contributions frddf 'D() and

" loops. It thereby simultaneously determines the nonlocal contributions and the
Wilson Coe cients, G. Gy Cg; C, and G that describe the local contributions. The
measurement is performed using proton-protorpf) collision data corresponding to an
integrated luminosity of 8.4fb ! collected during the years 2011{2012 and 2016{2018.

Recently, a similarLHCb analysis was carried out in which the nonlocal contributions

were parameterised following Refs. [42, 80, 81] using a truncated series expansion designed
to exploit the analytic properties of the hadronic matrix elements in the region?  m? g,
The coe cients of the series expansion were determined experimentally by combining
LHCb data from the low-? (1:1 ¢ 8:0GeV=d) and inter-resonance (1D ¢
125GeV=c¢") regions with independently obtained measurements of the polarisation
amplitudes and strong-phase di erences at théd= pole [82, 83]. This provided a direct
measurement of the Wilson Coe cientsG and G along with a data driven estimate of
the size of the nonlocal contributions within theg? bins used in previoud. HCb angular
analyses of theB°! K ° *  decay. The analysis used the same dataset (2011{2012 and
2016) as Ref. [4]i.e. the most recentLHCb binned angular analysis of theB°! K ° *
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decay. In doing so, it obtained a result indicating that the nonlocal contributions did
not a ect prior measurements in a signi cant way. That is, the impact of the nonlocal
contributions on the B®! K ° *  angular observables was found to be minimal and
the values of the Wilson Coe cients determined from the t to data were found to be
compatible with those extracted from the measurements of Ref. [4], which assumed only a
small in uence from nonlocal contributions. The main di erences of this approach relative
to the analysis presented in this thesis, is that the nonlocal model used in Refs. [82, 83]
did not consider the e ects of light hadron resonances belogf = 1:1GeV=¢ or broad
charmonium resonances and multibody states abogg = mz(zs), nor did it consider nite
width e ects of the J= and (2S) resonances. Data from th&? regions containing these
contributions was therefore not included in the measurement of Refs. [82, 83]. The present
analysis proposes a more comprehensive model of the nonlocal contributions covering
continuously the full range 01 @ 180GeV=c. Moreover, it includesLHCb data
from 2017 and 2018, almost doubling the size of the total dataset. The results obtained
in this thesis are compared to those of Ref. [82, 83] as a crosscheck.

This chapter begins with the construction of the decay rate in Sec 4.2 followed by
a description of the amplitude model used to parameterise the decay rate in Sec. 4.3.
A description of the experimental considerations leading to the nal complete model
accounting for all signal, background, and detector e ects is given in Sec. 4.4. The strategy
for tting the model to data is detailed in Sec. 4.5, followed by a detailed investigation
of possible systematic uncertainties in Sec. 4.6. The results of the t taHCb data are
presented in Sec 4.7, which is followed by a discussion and concluding remarks in Secs. 4.8
and 4.9, respectively.

The research presented in this chapter was performed in collaboration with other
members of theLHCb collaboration, hence, it is necessary to present some sections
containing work carried out by others. In particular, the development of the event
selection criteria described in Sec. 4.4.1, the corrections to simulated events described
in Sec. 4.4.2, the use of the simulated events to derive the coe cients of the acceptance
model described in Sec. 4.4.3, the development of the veto-corrected background t model
described in Sec. 4.5.2, and several of the studies pertaining to systematic uncertainties
presented in Sec. 4.6 are primarily attributed to other collaborators.

The most signi cant of my own contributions to the analysis include reformulating
parts of the decay amplitude model described in Sec. 4.3 to better describe data and
reduce systematic uncertainties | in particular, the development of the e ective S-wave
amplitude given in Egs. 4.30 and 4.31, which allows the S-wave component to be reliably
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determined from data without relying on external input to x the S-wave form factors.
This eliminates one of the most signi cant contributions to the systematic uncertainty on
the determination of the main parameter of interest, thes Wilson Coe cient. In addition

to this, | was involved in the debugging and nalisation of the detecto? resolution model
described in Sec. 4.4.3 and the hadronic dispersion relation model described in Sec. 4.3.4
for the nonlocal contributions, which is one of the unique and core features of the analysis.
| performed a broad range of studies investigating systematic uncertainties, including all
of those related to the detector resolution ir? and the decay angles. The studies focusing
on the ¢? resolution model also involved studying the e ects of nal state radiation from
the K*  system, which lead to the nal choice for the reconstructe@®® mass region in
which the analysis is performed. These studies are described in Sec. 4.6. Further to this,
| devised and implemented the machine learning based goodness of t test described in
Sec. 4.5.5 along with carrying out numerous t validation studies. These studies most
notably include: the analysis of t convergence rates and parameter pull distributions
(see Sec. 4.5.4), which ultimately lead to the nal chosen set of free parameters and the
application of asymptotic bias corrections to the nal results of the analysis; comparisons
of observables and amplitudes to previous measurements; and searches for alternative
minima in the likelihood t (see Sec. 4.5.6). Finally, | provided the interpretation and
discussion of results in Secs. 4.7 and 4.8.

4.2 Dierential decay rate and angular observables

The B®! K % *  decay, whereK ° refers speci cally to theK °(892) meson is the
process of interest in this analysis. However, since tie © is an unstable particle, the
actual decay observed experimentally iB°! K 9! K* ) * , whichis a four body
nal state. The di erential decay rate for such a process is calculated via Fermi's golden
rule [28]:

4
g = (22 ) M (Bl K ©* )j2d ( p:ki: Ko i ) (4.1)
Mg

whereM (B%! K ° * ) is the matrix element for the process, and d is the Lorentz
invariant phase space element accounting for the kinematics of the process, withk,, ks,

¢ and ¢ being the four-momenta of theB%, K*, , * and" , respectively. Detailed
calculations of Eq. 4.1 for such a decay can be found in Ref. [84]. Ultimately, the phase
space is described by ve independent kinematic variables, which are conventionally chosen
to be the three decay anglesos -, cos ¢ and illustrated in Fig. 4.1, along with ¢f
and mZ , which denote the mass squared of the dimuon ani*  systems, respectively.
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Figure 4.1: A pictorial representation of the three decay angles:, k, and in the B?!
K © *  decay. Figure adapted from Ref. [85]. For theCP conjugate decayB®! K 0 * |
the de nition of is ipped, i.e. !

The angle - is de ned as the angle between the direction of the® () in the dimuon
rest frame and the direction of the dimuon in theB® (B°) rest frame. The angle ¢ is
de ned as the angle between the direction of the kaon in thié © (K °) rest frame and the
direction of the K ° (K ©) in the B? (B?) rest frame. The angle is the angle between
the plane containing the dimuon pair and the plane containing the kaon and pion from the
K 9 meson. The angular basis used in this paper is identical to that de ned in Ref. [85],
and is de ned such that theB° and B° angular distributions have the same functional
dependence on the angles. It is worth noting that di erent conventions do exist in the
literature.

With the phase space parameterisation described above, the ve-dimensional di erential
decay rate is written in the following compact form [41, 86],

#B(B K* * ) 9 X

g = = T (Afi(cos ;cos k: )g(m2 )  (4.2)
K .

where and indicate the B° and B decay rates, respectively, and likewise for the
J; and J; functions! The latter are known as angular observables and are discussed in
more detail below. Thef;(cos -;cos k; ) functions describe the angular distribution in
terms of spherical harmonics, and the (mZ ) are functions describing the lineshape for
the K*  system. In Eq. 4.2 and all of this section, & =d cos - dcos k d . For this
analysis, the di erential decay rate of Eq. 4.2 is integrated over a small region imZ
in order to simplify the analysis. This reduces the decay rate expression down to four
dimensions,

(B K* * ) g9X

dEd- =5 Ji(@hi(cos icos ki )Gi; (4.3)

1The seemingly mismatched bar notation is a convention in the literature. It traces back to the fact that
the B mesons contain theb antiquark, while the B mesons contain theb quark.
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where theG; are given by

VA mZ  =0:996% GeV2=c*
G = g(mg )dmg : (4.4)
m2  =0:7962 GeV?=ct

Within the considered range @796  mg 0:996GeVIc?, the B! K* *
decay receives amplitude contributions from P-wav °(892) contributions, and S-wave
B! K,%700) * transitions.? Considering previous measurements of highir*
partial waves inB°! K* * andB°! OK* transitions [8% 89], contributions
from higher partial waveK *  states in themy range of this analysis are considered
to be negligible. The functionsg (mz ) represent bilinear products of the P-wave and
S-wave lineshape models. The P-wave lineshape is modelled using a relativistic Breit{
Wigner function, while the S-wave lineshape is modelled using the LASS parameterisation.
The de nitions of these lineshapes are the same as in Ref. [82] and are also de ned
in Appendix 4.C for completeness. In principle, the(mZ ) functions also carry ag?
dependence which is neglected in this analysis. This is a good approximation given the
¢ and mZ ranges considered are su ciently far away from the kinematic endpoints.
Ultimately, the exact choice of lineshape models for th€ *  system is found to have a
negligible impact on the results of the analysis.

The angular observablesb—i) in Eg. 4.3 form a complete basis for the experimental
observables accessible 8°! K ° *  angular analyses [86]. As described in Sec. 4.3,
they contain all of the dependence on the parameters of the WET model to be determined in
this analysis. The explicit forms of the angular functiong; are speci ed in Appendix 4.B.
The angular observables can be measured experimentally by performing a t to the
B2 K ° * decay rate as a function of the decay angle®s -, cos x, and . Such
measurements are typically performed in bins af? to make for a model independent
measurement, since the dependence on the angular functiéngs determined by kinematics
alone. This is the approach taken in previousHCb angular analyses of th&°! K ° *
decay [d4, 85]. Similar binned measurements have also been performed ARLAS,
BaBar, Belle, CDF, and CMS in Refs. [5@52, 55, 56, 9092]. Generally, the avour
speci c observables‘l_i)(qz) are not measured directly in experiment. Instead, it is common

2p-wave refers to a state of total angular momentumJ = 1, while S-Wave refers to a state with J = 0.
Unless otherwise speci ed, the use oK © implicitly refers to the P-wave state, K °(892).
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to de ne the following CP-averaged andCP-asymmetry observables,

S = Ji+ J ; (45)

Ai:

N
d( + ) =dc?
1—) Ji Ji (4.6)

d( + ) =d¢?

which are normalised with respect to the total combined? spectrum for B® and B°
decays. With the angular convention used in this analysis, théP-averaged decay rate
for the P-waveB°! K* *  decay is written as,

.~
1_ d ( + ) - 9 SlS S|n2 K + FL CO§ K + SZSSinZ K COSZ
d(+ ) =def dd™ » 32

+ S,.co0¢ ¢ cos2- + S3sin® ¢ sin® - cos?2

+ S,sin2 k Sin2-¢cos + S5sin2 g sin - cos 4.7)

4 . ) . .
+ éAFB sin® ¢ cos2- + S,sin2 ¢ sin - sin

+ Sgsin2 ¢ sin2 -sin + Sgsi? g sin® - sin2

It is conventional to make the replacements,  S;c and Agg %SGS, where the subscript
s(c) is also conventional and indicates that the observable carries sn?  (coS «)
dependence. The motivation for these replacements follows from the de nitions of
the observables in terms of the polarisation amplitudes given in Eq. 4.26 below .
corresponds to the fraction of longitudinal polarisation of theK ° meson, andArg
corresponds to the forward-backward asymmetry of the lepton system. In most previous
B% K ° * angular analyses, the decay rate expression is simpli ed by taking the limit
of massless leptong,e. m ! 0. In this limit, the number of independent observables is
reduced from 11 to 8 through the relations,

Sis = 3Sy; Sic= Sy (massless leptons) (4.8)
along with the P-wave rate normalisation condition,
3 1
4 (2515 + Sic) 4 (2S5 + Sp) = 1; (4.9)
which together imply S;s = (1 F), Sc= FL,and S, = (1 F.). Although the

massless lepton limit is a good approximation for most of thg? range considered in this
analysis, terms involving the muon mass are retained. The observal8g vanishes both in
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the limit of massless leptons and assuming no scalar currents [41]. The latter assumption
still applies to this analysis, hence this term is neglected.

The inclusion of the S-wave contribution adds 8 more observableSy7, Which are
normalised with the respect to the totalg? rate, while the P-wave observables remain
normalised to the P-wave only rate. The totalCP-averaged decay rate is given by,

1 d*(+ ) 3 1 1 d*(+ )

— =1 - S -S —
d( + ) =d® dPd~ s 2 7% 37 d(+ )= dd~ -

9
+§ Sip+ S11€0S  + (S + S13c082¢)Ccos2- (4.10)

+(SysSin2 - + Sissin ~)sin g cos

+(SeSin - + S17s8iN2 ) sin ¢ sin

It is common to de ne the S-wave fractionFs —2Si,. In the massless lepton limit,
Fs = 3S;0 = 3S;,. From the observables present in Eq. 4.7, it is possible to de ne
so-called optimised angular observableﬁ’,-(o), which are appropriately chosen ratios of
observables that bene t from some cancellation in hadronic form factor uncertainties [93].
The basis for the optimised observables used in this analysis is given by,

S3 Arg
P = ; P, = :
Ps; = So : Pg = _984—;
4825 2 SZCSZS ( 4 11)

P 0 = 85 . P 0 - S7 . .

S L B -

Sg

P 0 = —p: .

® 27 SxSss

These de nitions di er notably from previous LHCb analyses €f. Eq. (5) in Ref. [3]), since

the latter are de ned in the massless lepton limit. Using Egs. 4.8 and 4.9, one can verify
that the de nitions used here produce the same observables as Ref. [3] in the massless
lepton limit.

The angular observables are not directly the quantities of interest in this analysis.
Rather, the free parameters in the t to data are the parameters of the decay amplitude
(Eq. 4.12) which stem from the underlying WET modelj.e. the Wilson Coe cients and
parameters describing the local and nonlocal hadronic form factors (see the next subsection
for details of the latter). The angular observables can be calculated post-analysis as
continuous functions oftf as a byproduct of tting directly for the parameters in the decay
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amplitude. This allows to dissect the observables and reveal the separate contributions of
local and nonlocal origin. Doing so will illuminate the regions of phase space in which
the nonlocal contributions are most important. Their measured impacts can also be

contrasted against SM predictions to establish whether the extractions of the Wilson

Coe cients from previous measurements of the observables are reliable.

4.3 Theoretical amplitude model

4.3.1 Matrix element forthe B°%' K 2 *  decay in the WET
framework

The WET framework described in Sec. 2.3.2 can be applied to tH&°! K 0 *
decay to calculate the matrix element (amplitude)M (B°! K ° * ). The following
is performed under the assumption that thek ° is produced on-shell and is e ectively
stable, allowing theK °! K*  decay to be treated independently of th&°! K ©
process. This is known as the narrow width approximation [41]. The amplitude for the
process is written as

M@B° K% ) hK %k ) "() (®)iLweriB(p)i
= G_Fgw C:9FL+C§FR Ly

+ GoFt+ GoFR L, (4.12)
L. h . [
— 2imp, GFR +GFL +G ;
q2 y )
wherek andq ¢+ @ are the nal state four-momenta,p g+ k is the initial state four-
momenta, and is the K ° polarisation vector. The currentsLy ,y () ( 5) ()

represent vector (axial-vector) lepton currents, whileF (LTF; are local vector (tensor)

hadronic matrix elements, andG are nonlocal hadronic matrix elements. The local matrix
elements are de ned as

FYR(k; ;9) = K °(k; istr  buriB(P)i; (4.13)
Frf(k ;a) = MK °k; istr  d bre iB(P)i; (4.14)
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and the nonlocal ones are de ned as
G (k; ;q)= K °(k; )iK (QiB(p)i; (4.15)

with K corresponding to the charmloop operator de ned in Eq. 2.44.

4.3.2 Transversity amplitudes

As described earlier in Sec. 2.3.4, the hadronic matrix elements of E.13X (4.15) can
be expressed in terms of invariant functions via a Lorentz decomposition. That is, for some
hadronic matrix elementf (k; ;q), an appropriate set of Lorentz structuresS (k; @) can
be found such that [42]

X
f(k;;q)= f()S (ka): (4.16)

The resulting scalar functionsf (¢?) are known as hadronic form factors. A suitable set of
Lorentz structures,S (k;Q), is provided in Appendix 4.D. The decomposition results in

a set of seven independent local form factors and three independent nonlocal form factors,
both of which are discussed further in the following sections. Using these form factors,
Eq. (4.12) is decomposed as follows,

G m X
= ;%WBVMS AL, +ARL, S ;  (4.17)

=0;k;? ;t

M(B°l K©°%* )

wherel  .r = %(LV L ,) are the left- and right-handed chirality lepton currents, andN

is a constant given by S

GZ 2 1=2
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with - = P 1 4m-=¢. The amplitudes, A“F, in Eq. 4.17 are known as transversity
amplitudes? They are given by:

h i
AR (@) =Ng G %P Cg  Co Cip Awn(dd)

N (4.19)
b e);0 0 2 .
+ pra— cl C, Txa(a) ;
h i )
| o) . oA
A @ =N &P Cp G ol Tl
(4.20)
2m e): 0
vg O o T
LR /2 h e):? .2 0 Oi V(qz)
AT () =N, (P + G Co+ Gy Ma + Mo
(4.21)
2m e) :? 0
+?*’ 7 Ccy TP ;
n h i 0
AP =Ny 2 Go Cip Ag(h) (4.22)

where the functionsV, Ag, A1, A1, T1, T,, and To; are the local form factors, whilst the
nonlocal form factors are absorbed into the e ective Wilson Coe cients(é’fg) ' (P), as
explained in Appendix 4.E and elaborated on in Sec. 4.3.4. EqQs. 4.19{4.22 are referred to as
the longitudinal, parallel, perpendicular, and timelike transversity amplitudes, respectively.
The timelike amplitude does not require a lepton chirality label becaus®' / q (see
Appendix 4.D) and conservation of the lepton current implieg L,, = 0. Therefore, only
the axial parts of the left- and right-handed amplitudes remain and it is convenient to
dene Ay AR AL

Thus far, only the P-waveK ©°(892) state is accounted for; however, experimentally
the P-wave state typically cannot be distinguished priori from other partial wave states.
The main source of contamination generally comes from S-wake° states, which is
estimated to be around the 10% level, and a statistical analysis is required to separate
them from the P-wave. Contributions from S-wave states must therefore be taken into
consideration in the amplitude for an accurate description of the process experimentally.

3The transversity amplitudes are closely related to the polarisation/helicity states of the K © and the
virtual gauge boson that decays to the dilepton. For this reason, each of these terms are used almost
interchangeably in the literature when referring to the amplitudes of Eqgs. 4.19{4.23. Formally, the term
\helicty amplitude" refers to a related but slightly di erent basis.
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Doing so leads to an additional 2 transversity amplitudes, given by [94]

AGs (@) =Noo (™ C 10)Fa(cP) + Mo ) O (@) ;  (4.29)
Mg + Mg o(700)

whereF; are the corresponding local S-wave form factors as de ned in Ref. [95]. The
symbol my o700y denotes the mass of th& ,°(700) state [96]. The choice of th& ,°(700)
mass is made to ensure that the model contains a description of the S-wave component
across the fullg? range considered. Higher mass S-wave states such as kh@(1430)
do not contribute above?  14:8GeV=c*. This choice is investigated as a potential
source of systematic uncertainty. The inclusion of the S-wave component in the model in
principle leads to an additional timelike amplitude; however, this contribution is ignored
in this analysis owing to the smallness of the S-wave contribution as a whole in the
range considered and the lepton-mass suppression of the timelike amplitudes. The triangle
(Kalen) function, , is given by

S miemg o+ 2mime 4 mE G+ mBep); (4.24)

with the K ,° subscript appearing in Eqg. 4.23 indicating themy ! M o(700) Feplacement.
The various normalisation factors appearing in the transversity amplitudes are given by

S8Nmgm

NO:_B%

Ny = Npé(mé m2 )
p__

N?‘sz_ (4.25)
N

Ntz-p:

P
Noo= N P@;
P

with N de ned as in Eq. 4.18.

Additional transversity amplitudes arise when considering contributions from other
operators in theb! s'*° WET framework. For example, theB°! K © *  canin
principle receive contributions from scalar and pseudoscalar operators which result in
additional terms in the timelike amplitude (Eq. 4.22) and one additional scalar transversity
amplitude [41]. These contributions are highly suppressed in the SM and potential NP in
these operators is not considered in this analysis. The main reason for this is that scalar
and pseudoscalar contributions are strongly constrained from othét s'*° process,
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in particular, the B! decay [41, 93]. Up to the possibility of additional NP
sensitive observables introduced through neglected operators, the transversity amplitudes
of Egs. 4.19{4.23 are su cient to calculate any observable accessible irBd! K ° *
angular analysis.

As mentioned in Sec. 4.2, the angular observablé_s) in Eq. 4.3 are constructed using
the transversity amplitudes de ned in Sec. 4.3.2. The P-wave angular observables are
built from the amplitudes Ag", AR, ASR | and A, as follows [41],

2

2+
() = =

2
JASIZ+ JAKZ+ JARIZ+ AR + %Re ASAS + ALAR
2 4m‘2 - .2 L R
Jic(F) = jAGIZ+ JARE+ ra JA +2Re AgAg
2
Jos(¢P) = 7 JASZ+ JALR+ JARE+ AR
Joo(0P) = 2 JAGIE+ AR ;

2
J3(F) = > JASZ A [P+ AR A R
2 (4.26)
Ja(cP) = P Re AGAL + AGAR

p_
Js(d)= 2~ Re AgA; A A7

Jes(F)= 2 -Re AfAS A FAR
J7(F) = P35 m ASAL A RAR

2
Js(F) = p—élm AGAS + AFAS
Jo(@®) = 2Im Ap A5 + AR AR

q_

where the parameter - isgivenby - = 1 Some of these de nitions di er slightly

q2
from Ref. [41] by a minus sign, which is due to the use of di erent conventions for de ning
the decay angles.

The S-wave angular observables also involve the S-wave transversity a\mplituepel,ﬁgR
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in addition to the P-wave amplitudes, and are given by [94]

J1o(cF) =

AL:2, iAR:2 4m? L AR .
JA o)™+ JA 0l +F2Re(AOOAOO ;

Wl

2 4m?2
du(@) = $5Re ARAS + ABAT + T ALAT + AA,

1, L2, AR
Jiodf) = 3 ° G+ AL ;
2
Ju(@) = P5 *Re AgA; + AGAS
"3 (4.27)
Jia(F) = 3 2 Re AgAr  +Re ARAR
r _
2
Jis(F) =2 3 2 Re Aj,AS  +Re ARAY
r_
2
Jig(F) = 2 3 2 Re AL AL Re ARAR
r _
2
Ja7(cf) = 3 ? Re AgGAs Re AfAS

4.3.3 Local form factors

Local P-wave form factors

The local P-waveB®! K © form factors | F; 2fV;Ao; A1; A1 T1; To; Tosg | describe

the nonperturbative QCD e ects associated with theB ! K (892) transition. They are
inseparable from the Wilson Coe cients in the decay amplitude, thus in order to disentan-
gle them, they must be calculated explicitly. This can be done with reasonable precision
in the frameworks of light cone sum rules (LCSR) [97] and lattice QCD (LQCD) [98, 99].
These two approaches are complementary in that each is best suited to a di erent region
of ¢ | LCSR works at low- ¢, while LQCD works best at highc?. The current best
method for determination of the local form factors in the full? region is to use the results
of both LCSR and LQCD and then interpolate between them. To do this, the form factors
are parameterised using a series expansion [100],

1 X2
Fi(q) = 5 wl2(cf)  z(0)]; (4.28)

1 oe=mg, k=0

where the jx coe cients are parameters to be determined, andang; is the mass of the
lowest lying bs resonance with]® quantum numbers matching those of the form factor
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Fi. The z function in Eqg. 4.28 is de ned as,

p p
i i i i
2() = pe—= P tz; (4.29)
p

witht =(mg mg )2andto=1t.(1 = 1 t =t,). The ;, parameters are determined
by tting Eqg. 4.28 to the LCSR and LQCD data points. Such a combined determination
has been performed in Refs. [42], which is used as input in this analysis to constrain
the local form factors in the t to experimental data. Allowing the local form factors to
vary in the tin this way, subject to the theoretical constraint, means that the Wilson
Coe cients can be extracted from the data with uncertainties that already take into
account the theoretical uncertainty on the form factor predictions.

As mention earlier, theB®! K © from factors are typically calculated in the narrow
width approximation. Recent LCSR computations that account for the nite K © width
have shown that the narrow widthB® ! K © form factors can be scaled by a global
factor of 1.1 to account for the nite K © width [42, 101]. This correction factor has only
been demonstrated to work in the large recoil (Ilow?) region. Therefore, the form factor
parameters used in this analysis, provided in Ref. [42], implicitly account for this factor
in the region o < 8GeV=¢ but not elsewhere. Developments in theoretical methods
and the increased availability of computational resources suggest that LQCD calculations
which go beyond the narrow width approximation will become available in the near
future [102]. However, such calculations remain in a preliminary stage at this time and
further theoretical work is required in order to establish a nite width e ectto B! K ©
form factors across the entiref range.

Local S-wave form factors

As no reliable S-wave form factor predictions currently exist, in this analysis the S-
wave amplitudes are treated as nuisance parameters. This means decoupling the Wilson
Coe cients appearing in AE;OR from those in the P-wave transversity amplitudes. Moreover,
an estimation of theB°® ! K ,° contribution using data is employed by adopting an e ective
form factor in the S-wave amplitude given by

2
Mo cs . (4.30)

Mg + Mg o(700)

. 0
Ag = Np% Fe () G° Chp+
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where the parametersdf) ®, CS, and C are independent of the Wilson Coe cientsG,
G and G The e ective S-wave form factorFe is in turn given by

F(0)
1+2:15( ¢ 1) & +1:055(1 2 ¢+ ¢) &
B B

Fe (0f) = 5 (4.31)

with the parameters ¢ and ¢ both positive. This form factor parameterisation describes

a very similar shape ing? to that used in Ref. [95] but instead incorporates a polynomial
with restricted parameters in the denominator. In this way, the t can accommodate the
wide range ofB°! K ,° form factors in the literature while at the same time staying well
behaved. Given Eqgs. 4.30 and 4.31, a degeneracy exists between the decoupled S-wave
Wilson Coe cients G4 and the e ective form factor normalisation parameterf (0). In

the t, the latter is allowed to vary along with C3,, while G and G are xed to the SM
values forG and G, respectively. The ¢ and ¢ form factor parameters are also highly
correlated, requiring one of them () to be xed for a reliable t. The remaining free
parameters in Egs. 4.30 and 4.31 are in general highly correlated, indicating that further
simpli cations of the S-wave amplitude could be justi ed. However, the chosen set of free
parameters are nonetheless found to give reliable results with proper statistical coverage.

4.3.4 Nonlocal form factors

Similarly to the local form factors, the nonlocal form factors are the invariant functions
arising in the Lorentz decomposition (Eg. 4.16) of the nonlocal hadronic matrix elements,
using the same set of Lorentz structures in Appendix 4.D. However, the resulting functions
are less well studied than the local form factors. No LQCD calculations exist for them,
and various di erent approaches have been argued for in the literature, with di erent
conclusions reached regarding their importance [22, 23, 42, 47, 81, 103]. In E44.9)
(4.23), the nonlocal form factors are absorbed into the Wilson coe cients, which highlights
the fact that the dominant e ect of these contributions is ag? and helicity dependent
correction to G, given by

= G+ Yo () (4.32)
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The approach taken in this analysis begins with expressing the nonlocal terivig. (¢f),
as a subtracted hadronic dispersion relation [44, 104],

2 2
Yag, ()= Yag, () + (1q2) (F ) . ds 5 03)21: (S():12 = (4.33)

where ¢§ is the subtraction point, discussed further in Sec. 4.3.6. The subtraction is
required in order to ensure convergence of the dispersion integral [47]. The spectral
density function o, contains all the information on hadronic real intermediate states
that contribute to the B®! K © *  decay in this model. The analytic structure of the
complex function Yy (¢f), i.e. the structure of it singularities in the form of poles and
branch cuts, is determined by the set of possible on-shell intermediate states [80]. This is
often referred to as the principle of maximum analyticity [105]. This analytic structure
is also inherited by 4. (s). Therefore, as described in the next subsection, the spectral
density function is decomposed into a sum over contributions from known intermediate
states in theB®! K ° *  decay. In principle, on-shell intermediate states also lead to
analytic in singularities in the variable p?, representing the invariant mass of the initialB
meson, which are not accounted for in the dispersion relation of Eq. 4.33 [60, 104]. This
includes, for example, rescattering processes suchBfd DDgs! K ° * . However,
the largest of such charm rescattering contributions has recently been estimated to be no
larger than a few percent of the local contribution in theB°! K% ** decay channel [106].

The expression for the nonlocal contributions given by Eq. 4.33 exploits the fact that
Yq: (0P) is perturbatively calculable via an OPE in certain regions off | namely, in
the (unphysical) region,c? . 0 [47]. If one performs such a calculation, thereby xing
the subtraction term Ygq: (¢§), the second term in Eq.(4.33) then provides a means of
extrapolating the result to the physical regiong?  4m? by integrating the spectral density
function, ¢ (9).

4.3.5 Parameterisation of specic nonlocal contributions

In order to t for the nonlocal contributions in data, a parameterisation of the spectral
density function, 4 (S), in Eq. 4.33 is needed. In this analysis, a model is adopted
based on Refs. [44, 107]. In particular,q: (s) is decomposed into a sum of parametric
contributions from all relevant one-particle (1P) and two-particle (2P) intermediate states,

@ ()= @ (@)+ & (@) (4.34)
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and, correspondingly
Yag: (@)= Yo (@) + Yoq () + Yog (@) + Y, (4.35)

The vector statesj 2 f (770);! (782), (1020)J=; (2S); (3770) (4040) (4160) are
considered for the 1P states, while for the 2P states, the various open-charm meson pairs
k2fDD;D D;D D gare considered. The spectral density functions therefore formally

become, X
W (@ M;(B! KV (@@ m); (4.36)
j
and
Z
X dp?
2@ s @ )
k 5 P (4.37)
Ba@PFepm (B1 K MiMi) “(Bc P Pio);

Ek1 Ekz

where thej index represents the di erent 1P states andk represents the 2P states.

In Eq. 4.36, the 1P states are treated as stable particles. In order to account for the
one-particle resonance widths, the dispersive integral ogg’; (¢?) is modelled using the
expression [44]

X (F &) S (- 5
Yo (o) = | H, o 03BW,-(C12) | H, Jejmswj(qz); (4.38)
with each
. - mj .
BW; (o) T (4.39)

describing a relativistic Breit{Wigner distribution. The pole massesm; and natural
widths ; are set to their world-average values [96]. The widths and pole masses are
xed in the t for all resonances, with the exception of theJ= and (2S) resonances.
Since these narrow resonances are particularly sensitive to the modelling of the resolution
function and potentially small biases due to neglected exotic amplitudes (see Sec. 4.6.2),
the pole masses for thd= and (2S) resonances are allowed to vary.

The parametersjH; j which characterise each nonlocal amplitude in Eq. 4.38 are
normalised according to the branching fraction of the processBS ! V(! * )K ©,
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whereV, denotes aJ®© =1  one-particle state, such that
2 31
L ~(m? &§)? é
jH;j= JA,-JE Z ; . ; (4.40)
s N (0 @)BW,(q)Feld) “dof

whereF,. 2 (VHmg + mg o); A17=(Mg Mk 0); A1), and N 2 (No; N»; Ni) as de ned
in Sec 4.3.2. ThgA, j are thus de ned such that

jAjP=1f; B (B°l VKOB(V! * ) (4.41)
!
. X 0
wheref! represents the corresponding polarisation fractionA, j*= jA; 1> . The

0
jA;j and ; parameters, to be determined from data, are the relative magnitude and

phase of each resonance. The phase convention used here de nes the longitudinal phases,
J-O, relative to G. while the phases for the other polarisation componentsj',‘ and j'-’, are
de ned relative to the longitudinal component.

This analysis constitutes the rst measurement of the phase di erences between
the local and nonlocal amplitudes in theB® | K © * decay in the range
0:1<qg?< 18 GeV=¢". The relative phase di erences between the helicity components
of the B®! J=K © decay have been measured previously [88, 108] and the same is
true of the B®!  (2S)K °© decay [109]. These measurements provide a cross-check of
the parameterisation. Previous measurements of the polarisation amplitudes for the
decaysB?! K %andB°! IK ©from Ref.[110], andB®! K °©[111] are used in
combination with the measured branching fractions [96] to x the magnitudes and relative
phases for these contributions such that only the overall phase relative @ is measured
for each. A di erent phase convention is used in this analysis, which amounts to shifting
the previously measured phases by +

The relativistic Breit{Wigner approximation is a good description of well-separated
narrow states. For the broad overlapping resonances above the open-charm region and
below the (1020) meson, the modelling of the one-particle amplitudes constitutes an
approximation that has been shown to be valid given the relatively small amount of signal
in the open-charm region of this rare decay [112].

Following the recipe of Ref. [107], the two-particle amplitudeM (B! K °M ,My,),
appearing in Eq. 4.37, are described using the two-body phase-space function for a state
with centre-of-mass energy s= P o decaying into the stateM K, Mk,, characterised by
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massean,, and my, with relative orbital angular momentum L set to the lowest partial
wave allowed by angular momentum conservation. For the set of two-particle states
k2fDD;D D;D D g, the spectral density function takes the form

2L +1
2P (qZ) — X (qz’ mﬁli miz) 2
aq q2
k1ka

X (4.42)

with L =0 for D D, andL =1 for DD and D D , resulting in two-particle terms given
by X
YZ (F) = A, shs(Mp 5;00) + Anhe (Mg ); (4.43)
n=DD;D D

where hg and hp are de ned as in Ref. [107]. Similarly to the one-particle states, the
complex parametersA, ., j A Sjei kik2 represent the relative magnitude and phase
of each two-particle nonlocal amplitude to be determined from data. The quantity
my = (mp + mp )=2 is an approximate e ective mass for & D state, while  and

p are its magnitude and phase. A Gaussian constraint is placed on the open-charm
components relating the size of the real and imaginary parts for each polarisation of the
three open-charm contributions. A systematic uncertainty is assigned for potential biases
in the parameters due to this constraint, described in Sec. 4.6.4.

If lepton avour universality is violated, then b! s *  transitions are described

by independent Wilson Coe cients relative to the muon channel. It is possible, through

+

subsequent © ! ! rescattering, to measure theg Wilson Coe cient via
its contribution to the B®! K ° *  decay. This contribution is included in the model

via a nonlocal two-particle amplitude following Ref. [107],

Y@= G hsmid) ghe(m i) (4.44)

Finally, the only S-wave nonlocal contributions considered are those stemmigg !
J=K ,2andB°!  (2S)K,° amplitudes, contributing to &) %
of other nonlocal contributions are expected to be subdominant compared to their already

. The S-wave amplitudes

relatively suppressed P-wave counterpart and are therefore ignored in this study.

4.3.6 Subtraction constant

The once-subtracted dispersion relation shown in Eq. 4.33 requires knowledge/gfas)
that is in principle di erent for charm- and light-quark hadronic states. In this analysis, a
subtraction point of ¢ = 4:6GeV=¢ is chosen and the value of the subtraction constant
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is taken from the OPE-based two-loop calculation of the dominant nonlocal contributions
presented in Ref. [48].

As the light-quark contributions are CKM suppressed, the same subtraction constant
is used for both the charmed and light-quark hadronic dispersion relation by default. A
systematic uncertainty for this approach is assessed by studying the behaviour of the
t under an unsubtracted dispersion relation for light-quarks and it is found to make a
negligible di erence to the t results.

4.3.7 Further empirical components

Global tsto B°! K ©°,B%! K %'e andB?! measurements have placed
stringent constraints on NP contributions to the Wilson Coe cients G, and C, [113, 114].
As such, in this analysis,G and Go are xed to their SM values [115]. Instead, a helicity-
dependent shift toG is introduced, encoded a§§e) ' =G+ C,where C, are three
complex parameters to be determined from the data. Such a parameterisation allows for
the presence of an additional helicity-dependent complex phase constant acrgsé an
empirical way [25].
When performing the amplitude ts, the parameters (ﬁ;o are degenerate with the

tensor form factor coe cients r,.0, T1,4:0. Iherefore, the choice is made to x 1,.o and

T,5:0 tO their values provided in Ref. [42]. In order to assess the level of compatibility
between the entire set of nominal and post- t form-factor coe cients, a separate tis
performed where the parameters C',“O are instead xed and the coe cients t1,.0, T,:0
are allowed to vary in the t.

4.4 Experimental model of the signal

In order to accurately describe the data, the theoreticaB®! K © *  decay rate must

be augmented with a model for the detector response and must account for the e ciency

of event reconstruction. A general description of th& HCb detector and simulation
framework is given in Sec. 3 and this section further details the components used in this
analysis along with the event selection requirements. Using simulation, a model for the
total e ciency of the event reconstruction and selection, called the acceptance model, is
developed. Additionally, a model for the? resolution of the detector is presented. Both of
these are described in Sec. 4.4.3. Some corrections to the simulated samples are required
in order to ensure accurate modelling of these e ects as described in Sec. 4.4.2. The nal
form and implementation of the signal model is described in Sec. 4.4.4.
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4.4.1 Signal candidate selection

TheB°! K ° * signal candidates are rst required to pass the hardware trigger, which
selects events containing at least one muon with high-. The minimum pr threshold
varies between B6GeV and 1:8GeV for single muons, depending on the year of data
taking. For pairs of muons, a threshold is placed on the product of thepr, which varies
between 168GeV? and 324GeV?, depending on the year of data taking. In the subsequent
software trigger, at least one of the nal-state particles is required to haver > 1.7GeV/ c,
unless the particle is identi ed as a muon in which caspr > 1:0GeV/c is required. The
nal-state particles that satisfy these transverse momentum criteria are also required to
have an impact parameter larger than 100m with respect to all PVs in the event to
reject prompt particles produced directly inpp collisions. Finally, a dedicated trigger line
is employed to select multibodyB meson candidates based on the topology of the decay
products. This trigger requires that the tracks of two or more of the nal-state particles
form a vertex that is signi cantly displaced from any PV. At all stages of the trigger, only
TOS candidates are retained.

Signal candidates are formed from a pair of oppositely charged tracks that are identi ed
as muons, combined with & ° meson candidate. TheK ° candidate is formed from
two oppositely charged tracks that are identi ed as a kaon and a pion, respectively. The
four tracks of the nal-state particles are required to have a signi cant impact parameter
with respect to all PVs in the event and form a good-quality common vertex. The impact
parameter of theB° candidate with respect to one of the PVs is required to be small and
the vertex of the B® candidate is required to be signi cantly displaced from the same PV.
The angle between the reconstructeB® momentum and the vector connecting the PV to
the reconstructedB© decay vertex is required to be small. Candidates are required to have
reconstructedB® mass,mg  m(K* * )in the range 4800< mg < 6500MeV/ 2.
Finally, the reconstructed mass of th&K *  system,m(K* ), is required to be in the
range 796< m(K* ) < 996 MeV/c?.

To improve the ¢? resolution, a constraint is applied when determining the value af.
The constraint involves performing a kinematic re t of the decay chain using a Kalman
Iter [116] to vary the four-momenta of the nal state particles within their uncertainties
such that the reconstructed parent mass is constrained to be the knov8f mass. Unless
otherwise stated, the use off throughout this paper always refers to the constrained
value.

A signi cant background contribution arises from candidates formed by the random
combination of kaons, pions, and muons originating from di erent parent particles (referred
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to as combinatorial background). To reduce the level of combinatorial background, a
Boosted Decision Tree [117, 118] (BDT) classi er is trained to discriminate between
signal and background based on a set of input variables corresponding to reconstructed
particle information. The BDT algorithm is trained entirely using data, with background
subtractedB°! J= (! * )K °events used as a signal proxy, anB°! K ° *
candidates with a mass above 5500eV/ ¢? used as a background proxy. For the background
proxy, events with dimuon masses close to the(1020), J= , and (2S) resonance masses
are excluded to avoid biasing the training with many events that contain real resonant
dimuons. A total of thirteen training variables are used, and the ones found to provide
the most discriminating power include various kinematic properties of thB meson, along
with PID and isolation variables of the daughter particles. The nal cut placed on the
BDT output is chosen to optimise the signal signi canceS:p S+ B. The BDT classi er
achieves a signal e ciency of approximately 87% and 90% in Runs 1 and 2, respectively,
whilst maintaining a consistent background rejection rate of greater than 98%.

4.4.2 Monte Carlo simulation and corrections

In this analysis, simulated datasets are used to model the combined e ciency to reconstruct
and select the signal decay as well as to model the e ects of nite detector resolution.
They are also used to study various possible systematic e ects contributing to the total
uncertainty in the nal results.

In order to ensure agreement between the simulation arkdHCb data, independent
samples are used to calibrate the simulation and correct for potential discrepancies.
Corrections are applied speci cally to ensure agreement in the hardware trigger and
tracking e ciencies, the multiplicity of tracks in an event, and the distributions of PID
and B® meson kinematic variables.

Hardware trigger e ciency

The LO trigger e ciencies are known to be imperfectly modelled in simulation. Weights
are applied to the simulated events to correct for this, which are derived by calculating
the trigger e ciency independently in background subtracted data using the TISTOS
method [119]. For this purpose, samples &°! J=K °data andB°! J=K ° MC,
both with J= ! * | are used in order to maximise the available statistics. Since
the TIS trigger category and the TOS trigger category de ned in Sec. 3.2.5 are not
independent, the intersection between them provides a data driven estimate of the TOS
e ciency. Using the TISTOS method, the LO (di)muon trigger e ciency is determined by
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calculating the ratio

N TISTOS (pT* Py )
N T|S(p_|_+ X p_l_ ) )
The ratio between the data and MC e ciencies is calculated in two dimensions as a

ros(Pr iPr )= (4.45)

function of the pr of the two muons and is then applied as a correction th8°! K ° *
simulations.

Tracking e ciency

Minor di erences in the e ciency of track reconstruction between data and simulation are
corrected using standard_HCb calibration samples from theTrackCalib package [67].
The corrections are small, on the order of 1-5%, and are found to have a negligible impact
on the nal results of the analysis.

Particle identi cation e ciency

The distributions of PID variables in MC are known to be generally in disagreement with
data. In this analysis, the choice is made to correct these distributions using tiRdDCalib
package [120]. For muon PID variables, th€IDGentool is used, which resamples the
variable using a probability density function derived from a calibration sample. The
hadron (K*, ) PID variables are corrected using thé’IDCorr tool, which parameterises
the existing distributions and applies a transformation to them in order to reproduce
the same distributions in calibration samples. The latter has the bene t of preserving
correlations between variables, which is important for this analysis as some of the hadron
PID requirements applied in the selection involve products of potentially correlated PID
variables. ThePIDCorr tool was unavailable for muon PID variables at the time this
analysis was performed. However, only independent cuts are placed on individual PID
variables in this case, thus correlations between variables are not important.

The e ects of the PID corrections are illustrated in Fig. 4.2, which shows the distri-
butions of PID variables in background subtracted3°! J=K © control channel data.
These are compared against the same distributions in simulation, before and after applying
the PID corrections described above. The agreement between the corrected simulation
shown in red and the data shown in black is signi cantly improved relative the uncor-
rected simulation shown in green. Some residual di erences remain after applying the
corrections. This is investigated as a potential source of systematic uncertainty, however,
it us ultimately found to have a no signi cant impact on the nal results of the analysis.
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Figure 4.2: Comparisons of the PID variable distributions in B®! J=K © decays. The
distributions are shown for in simulation before (green) and after (red) applying corrections with
PIDCorr and PIDGen The distributions of background subtracted (sWeighted) B®! J=K ©
decays in data are shown in black. The two rows correspond to 2012 (top) and 2018 (bottom),
which are representative of the distributions in Run 1 and Run 2 samples, respectively.

Kinematics of the B° meson

The distributions of ve event variables are used to determine an additional set of correc-
tions related to the kinematics of theB® meson. These properties comprise the number of
tracks in an eventnTracks, the B° transverse momentunpr, the B® vertex quality 2.y,
the B? impact parameter signi cance 3, the B® pseudorapidity . The distributions are
compared between theB?! J=K °© simulations samples andB°! J=K © decays in
data which have been background-subtracted using thePlot technique [121]. Weights
are derived to correct each of the ve distributions after all other corrections have been
applied, and in an iterative fashion following the order in which they are listed above.
The most signi cant di erences are observed in théB° pr and nTracks distributions, as
shown in Figs. 4.3 and 4.4 for the year 2018. The ratio between data and MC is used to
reweight the simulation, thus correcting the mismatched distributions.

4.4.3 Modelling of the detector e ciency and response

The reconstruction and selection of signal candidates sculpt the phase space of the
signal decay. This e ect is accounted for in the t to data via an acceptance function,
(68,0 COS ~;COS ; ), which includes the e ects of the detector geometry, triggering,
reconstruction, and selection of events. Additionally, a resolution modeR((? e ),

is implemented to account for the smearing of reconstructed dimuon masses relative
to their true values. This e ect is the combined result of the nite resolution in each
subdetector involved in the reconstruction of muons. The resolution in the decay angles is
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Figure 4.3: Ratio of data and MC for the distributions of (a) nTracks, representing the number
of tracks in each event, and (b) the transverse momentum oB° meson. The ratios are applied
as weights to correct the simulation.

(@) (b)

Figure 4.4: Comparison between data and MC for the distributions of (a)nTracks, representing
the number of tracks in each event, and (b) the transverse momentum oB° meson.

far less impactful and is neglected for the simplicity of the model, to which a systematic
uncertainty is assigned as described in Sec. 4.6.

In this section, the formulation of the acceptance and resolution functions is described
along with the methods for their determination from simulation and/or data.

Acceptance

The acceptance function encodes the e ects of the detector geometry, triggering, recon-
struction, and selection of events and is determined in the four-dimensional phase space
described bycos -, cos ¢, , and ¢?. The acceptance function is modelled using an
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expansion in Legendre polynomials,

X
(T:0f) = Camn Pi(cOS k)Pi(cos )Pm( )Pn(c); (4.46)
klmn
whereP; refers to the Legendre polynomial of orderr, and each of phase space variables
x 2fcos -;cos k; ;02g are rescaled to the range 1  x 1. The coe cients Ggm, are

determined using the orthonormality of the Legendre polynomials,
Z 1

2
) Pi (X)Pj (X)dX = m i ; (447)
where j is Kronecker delta. Using this property the coe cients are given by,
Z.,2,72.,2
- k+1 2+1 2m+1 2n+1 “tT1TH 1(~_q2)
" 2 2 2 2 11 o1 o1 (4.48)

P (cos «)P;(cos *)Pm( )Pn(P)dcos -dcos «x d dof:

In practice, the acceptance coe cients are obtained using the method of moments
applied to simulated samples o8°! K ° *  decays generated with the FLATQ2
model (see Sec. 3.3). Since these samples are generated with a uniform distribution in each
of the four phase space dimensions, any deviation from uniformity in the nal samples
after reconstruction and selection is a direct encoding of the acceptance. It is important
to note that the acceptance function is quanti ed using truth-level information for the
simulated decays that are reconstructed. This is done in order to avoid double counting
of resolution e ects, which are separately described by a dedicated detector resolution
model that is determined using data.

The full simulated sample used for the acceptance consists of a combination of sub-
samples corresponding to each year of data taking. When the subsamples for each year
are combined, weights are assigned to the events in order to reproduce the correct rel-
ative integrated luminosities,i.e. to match the proportions of each year in data. For a
nal combined sample containingN events with per-event weightsw;, the acceptance
distribution is de ned as

X
i) Pl—w W (cos «  cos i) (cos- cosy) () (@ )
ji=o Wi j=0

(4.49)

where the indexj runs over all events in the sample and the Dirac delta functions indicate
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that each event corresponds to a single point in the four-dimensional phase space. This
amounts to approximating the integrals of Eq. 4.48 by MC integration. With this, the
acceptance coe cients are obtained from the MC sample as

o = pl X“W 2k+1 20+1 2m+1 2n+1
Imn — P—N i
i=o Wi j=o 2 2 2 2 (4.50)

Pi(cos k; )Pi(cOS 1 )Pm( j)Pn(q) :

The weightsw; are the combined event weights from several sources | namely, the relative
integrated luminosity weights for combining the data taking years described above, the
simulation corrections described in Sec. 4.4.2, and an additional set of weights applied to
ensure proper atness of they distribution at generator level. The latter are necessary
because, despite its name, the FLATQ2 model does not actually produce a completely
at o distribution in the case of decays to an unstable particlei.e. the K ° in the
B2 K 9 * decay. The nite width of the K ° results in a residualg? dependence of
the simulated decay rate at the edges of the phase space. This e ect must be corrected
with additional weights before determining the acceptance coe cients. The procedure for
calculating these weights involves the use of large generator-level FLATQZ2 samples which
precisely quantify the non atness.

The maximum order polynomial for each dimension is chosen empirically to give the
set of lowest orders which are su cient to model the acceptance well, leading to the
choice of a 9th order polynomial for they? dimension, 7th order for thecos ¢ dimension,
4th order for the cos - dimension, and 6th order for the dimension. The resulting
acceptances are shown in Fig. 4.5 and a systematic uncertainty is assigned to choice of
Legendre polynomial orders as described in Sec. 4.6.3.
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Figure 4.5: One-dimensional projections of the acceptance function determined for the combined
Run 1 and Run 2 data.

Resolution

The invariant mass resolution for muonsj.e. the ¢? resolution, plays a particularly
important role in this analysis. This is because the measurement involves tting several
narrow ¢q resonances | namely, the (1020), J= , and (2S)| whose natural widths
are small compared to the resolution inf, despite theB° mass constraint discussed in
Sec. 4.4.1. This makes an accurate description of the resolution critical in the vicinity of
these resonances. A slight side-e ect of thB® mass constraint is that thec? resolution
varies depending on the value off itself, as shown in Fig. 4.6, which quanti es the
resolution using the standard deviation of theg? reconstruction error distribution in
simulated B! K © * decays. At m? 1GeV=¢, the resolution is around
0.01GeV=¢!, while at ¢ m%  9:6GeV=¢' and at ¢ m?,q 136GeV=¢, the
resolution is around four times worse at approximately 0.04 G&#*.

The ¢f resolution model is built up from the sum of a Gaussian functiorG( o?; . ),
and two Crystal Ball (CB) functions [122],C.,( & ;; 1u; i), With tails on opposite
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Figure 4.6: The ¢f resolution as a function of the reconstructedg? value in simulated B!
K 9 * decays, quanti ed by the mean and standard deviation of theg? reconstruction error
distribution, g, o

sides,

Ri( of)=fcG( & i; ai)
+(1 fG;i)Nic;i C( o i cis wishui)* CC O i cis i) (@51

where ¢ ¢ .. fc isthe Gaussian fraction, andN¢ is a normalisation factor for
the CB sum component. The optimal parameters of the resolution model are determined
using either simulation or data, depending on the? region. The analysis is performed
simultaneously in threecf regions, allowing variations in the resolution model and back-
ground composition to be modelled. These three regions | referred to as low-, mid-, and
high-¢? | are chosen primarily to isolate the three narrow qg resonances, the (1020),
J=,and (2S), since their natural widths are signi cantly narrower than the resolution.
The ¢? region are de ned according to Table 4.1. The variation of the resolution within
each of these regions is ignored, which has little impact on the measurement since the
other resonances considered are generally much broader than the resolution and thus the
decay rate does not vary rapidly outside of the three narrow resonances mentioned. One
possible exception to this is the lowf region in which the decay rate increases rapidly
due to the photon pole atg? = 0. The potential systematic uncertainty due to this is
investigated in Sec. 4.6.

In the low-g? region, the resolution parameters are obtained through an unbinned
maximum likelihood t to the distribution of ¢ reconstruction errors in simulatedB®!
K °© * decays. The reconstruction error is de ned as # ¢ G, Where g,
is calculated using the trueB® and K ° 4-momenta,i.e. @,  (Peowue Pk o:true)?.
This de nition guarantees that any nal state radiation (FSR) emitted by the muons
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Table 4.1: Three @? regions de ning the simultaneous t categories when determining the Wilson
Coe cients.

Category Region

1 Lowf 010 o< 324GeV=¢
2 Mid-# 324 < 11:56 GeV=¢*
3 High® 1156 ¢ 1800GeV=¢

is incorporated into the true ¢? value. This is important to ensure that the resolution
function accounts for the FSR tails in the narrow dimuon resonances. Thg, parameters
of the CB tails are symmetrised in the lowg® region to improve stability, while the
remaining parameters of the resolution model are allowed to vary freely in this t. The
model provides an excellent description of the resolution in simulation, and the results
of this t are shown in Fig. 4.7a, with the corresponding best t parameters listed in
Table 4.2. The lowe? resolution parameters are xed in the t to data using the results
from simulation, since statistics in this region are insu cient to allow them to vary freely.
No signi cant systematic e ects are observed due to this.

In the mid-¢? and high-¢? regions, all of the resolution parameters are allowed to vary
freely in the t to data. Fits to the J= and (2S) peaks in simulatedB®! J=K °
and B! (2S)K © decays are shown in Figs. 4.7b, and 4.7c, respectively, along with
a comparison to the nal resolution shape obtained from the t to data. Excellent
agreement between the resolution models obtained from data (orange) and simulation
(blue) is observed in all areas except for the far tails of the resonance peaks, giving
additional con dence in the accuracy of the simulations and therefore also in the logg-

Table 4.2: The resolution parameters in the lowe? region determined from a t to simulated
BOI K O * decays. The 1., are forced to be equal in the t. The resolution parameters
for the low-o? region are xed to these values in the nal t to data.

Low-cf resolution results

1 0:2786 0:0035
u 0:2786 0:0035
N1 507 7.0
Ny:1 200 1.1

G:1 (617 039) 10 4
ci (1913 033) 104
for (222 028) 102
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resolution model. The best t parameters for the mid- and highg? resolution obtained
from the nal tto data are listed in Table. 4.3.

A small lump in the data in the upper tail is visible in Fig. 4.7c, which is not perfectly
well described by the resolution model and biases the t slightly in the upper tail. This
feature is attributed to unreconstructed FSR from theK*  system, which results in
a distortion of the data due to theB° mass constraint applied in the calculation off.
Potential systematic e ects due to this are investigated and discussed in Sec. 4.6 and are

ultimately found to be negligible.

Table 4.3: The resolution parameters in the mid- and highef? regions determined from the nal
t to data.

Mid- and high-cf resolution results

2 1:746 0:045 3 1:221 0:090
w2 1:829 0:038 3 1:299 0:133
N2 7:86 098 n;3 2:60 0:38
Nu:2 4:88 0:39 ngs 2:93 0:60

G:2 (278 003) 10 2 G:3 (191 070) 10 ?
co (456 010) 102 3 (3141 0:28) 10?2
feo2 0:582 0:028 fg:3 0:088 0:136
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Figure 4.7: One-dimensional ts to the ¢? resolution in simulation. (a) shows the t to the low
o? region, 1< g2 < 3:24GeV=c, for simulated B°! K © *  events (blue), along with the
Gaussian core (red) and double CB (green) contributions separately. (b) shows the tto the mid
o? region (blue), 324< g2 < 11:56GeV=c, for simulated B®! J=K © events and (c) shows
the tto the high o region (blue), 11:56 < g2 < 180GeV=c*, for simulated B%!  (2S)K ©
events. In the latter two plots, the dashed orange curves show the nal resolution shape after
the t to data, which agrees well with the results from simulation.
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4.4.4 FRull signal probability density function

The full signal probability density function (PDF) in each of the ¢? regions given in
Table 4.1 has the following form,

d4 +_(BO! K 0+ )

1 ~. .
N .. d- RI(0 due) (Tia); (452

I:)Sig;i (~ ; qZ) =

where the symbol denotes a convolution. The subscript labels the ? region and
emphasises the fact that the resolution function depends on t@ region. The angular
resolution of the detector is not accounted for in the signal model. The resolution in the
angles is much less important thar? given that the angular distributions contain no
narrow peaks or rapid variations. Based on simulation, the angular resolution is around
40mrad for | and g, and around 100mrad for , with little dependence ond? (see
Appendix 4.1). The angles andg? used in the determination of the acceptance in Eq. 4.46
refer to the true values in the simulation and not the reconstructed ones. However, here
in Eq. 4.52 the acceptance is used for the reconstructed values, which means that the
reconstruction resolution could in principle result in an incorrect acceptance correction.
However, as the variation in the acceptance is slow in all dimensions and the resolution is
comparatively good, this e ect only leads to a negligible systematic uncertainty on the
results. TheCP-averagedB®! K © *  theoretical decay rate contains all parameters
of interest, including the Wilson Coe cients and all parameters describing both the local
and nonlocal hadronic form factors. It is a complicated expression built up by constructing
the angular coe cients of Eq. 4.3 from the transversity amplitudes given in Egs. 4.19{4.23,
as described in Eqgs. 4.26 and 4.27. The acceptance function is xed from simulation,
whilst the ¢? resolution adds a small number of nuisance parameters to the signal model
which are either allowed to vary in the t to data or are xed from simulation, as already
described in Sec. 4.4.3.

Implementation of the resolution convolution

Some additional comments are requisite regarding the implementation of the acceptance
and resolution e ects and the order in which they are applied. Only after the acceptance
is accounted for does it make complete sense to apply the experimental resolution. This is
because the resolution is essentially de ned as the di erence between true and reconstructed
values, and such a di erence is unde ned if the latter does not exist. This is notably at
odds with the ordering of terms in Eq. 4.52. After inserting the explicit forms of the
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acceptance function of Eq. 4.46 and the decay rate model of €g.3), it turns out that
applying the acceptance prior to the resolution requires performing the following series of
convolutions,

I (o) § Ji(fue)Pn(@ue) RGP Gfe): (4.53)
n

for each angular observabld;. However, there are 19 angular observables in the signal
model and 10 orders off Legendre polynomials considered in the acceptance model. This
would require performing 190 separate convolutions per evaluation of the PDF, which
must be done each time any of the parameters change in the t. This would be extremely
computationally intensive. In order to avoid this complication, we approximate Eq(4.53)
by the following,

T Pue) () R o) (4.54)
n

In other words, we reverse the order of application of the acceptance and resolution which
removes the dependence of the convolution on tlg acceptance order and thus reduces
the number of convolutions required by a factor 10 down to just 19. The impact of this
approximation is assessed in Sec. 4.6 and is ultimately found to have a negligible impact.

The convolution with the resolution function is implemented by making use of the
convolution theorem,

Ji(dfe) R Fe)=F ' F Ji(e) F ROA@ ) (4.55)

whereF f f g represents the Fourier transform of the functiorf . The angular observables
and the resolution function are discretised using 150000 small bins, and the calculation
of Eqg. 4.55 is performed using an e cient implementation of the discrete fast Fourier
transform [123, 124]. The neness of thef discretisation is checked for possible systematic
biases when integrating the PDF over the narrow resonances. With the chosen number of
bins, any e ects due to thec? discretisation are found to have a negligible impact. This
implementation method is also the reason for assumingg independence of the resolution
function within the three regions considered.

Normalisation of the signal PDF

The signal PDF given in Eq. 4.52 is required to be renormalised whenever one or more of
the signal parameters changes in the t. As the resolution function is itself normalised,
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the signal normalisation is performed on the PDF before the convolution takes place.
The acceptance function of Eqg. 4.46 can also be reexpressed in a di erent basis in terms
of powers of the phase space variables. Therefore, the normalisation corresponds to
calculating
2277
N = c (¢P) (cos k) (cos )

9 N (4.56)

8 Ji(gP)fi(cos ~;cos k; )dgdcos ¢ dcos - d:

Several simpli cations can be made to avoid having to numerically integrate the full 4D
function. Firstly, the order of the sums and integrals can be changed, and the terms can
be regrouped to gather similar parameter dependencies as follows,
x ZZZ g X
N = — C cos Cos -
3 ¢ (cosk) (cos)

i;

7 (4.57)
fi(cos -;cos k: )dcos x dcos-d  (f) Ji(cf)dof:

The angular functions,f;, are combinations of simple trigonometric functions (see Egs. 4.97
and 4.98 in Appendix 4.B). Therefore, the angular integrals for eadf polynomial order
can be calculated analytically. Speci cally, the following series of integrals is computed,

ZZZ y
T c (cos k) (cos-) fi(cos -;cos ; )dcos  dcos -d: (4.58)

The ; constants are calculated once, independently of thgg integration, and the results
are tabulated and cached. The remaining? integral required to normalise the PDF can
then be written as

X
N=_—— ;. (0F) Ji(of)dof; (4.59)

where the order of the sum and integral has again been swapped such that only one integral
is performed over the sum of all terms. This is dramatically more e cient and numerically
stable compared to integrating each term separately, of which there are 190 in the baseline
t model. The integral is performed using GSL [125] numerical integration functions.
Since thed? spectrum contains both slow and fast varying regions, it is bene cial to
split the ¢f range into subsections and integrate each subsection separately. With this
approach, a ner discretisation can be applied in the fast varying regions around the
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narrow resonances which improves the overall numerical accuracy of the integration.

4.4.5 Background composition

The model requires to describe the contribution from processes other than the signal decay
which contaminate the nal sample. The combinatorial background, discussed already in
Sec. 4.4.1, is the only contribution which remains signi cant after the full selection and is
modelled as described in Sec. 4.5.2. Beyond this, several physical background sources are
identi ed, referred to as peaking backgrounds, which are suppressed using a combination
of dedicated vetoes and machine-learning techniques.

TheB*! K* * mode mimics the signal decay when a random is combined
with the daughters of the true decay. This background is vetoed by removing all candidates
with m(K ™ * ) > 5380MeV ¢ in which the mass of theK* *  combination is
also compatible with the knownB° mass. TheB?! K*K *  decay forms a peaking
background when one of the kaons is misidenti ed as a pion. The dominant contribu-
tion arises fromB{!  (1020) *  decays followed by the transition (1020)) K*K
Several vetoes are applied to remove this contribution, accounting for both the resonant
and nonresonant parts of then(K *K ) spectrum. Candidates are rst reconstructed,
assigning the kaon mass to the pion. For the resonan(1020) channel, strict pion PID
requirements are applied to those candidates with reconstructd®l and K *K masses
that are compatible with the knownB?2 and (1020) masses. For the nonresonant mode,
the requirement that the reconstructedK *K mass is compatible with the (1020) mass
is removed, and slightly modi ed PID cuts are applied. The deca®! * *
forms a peaking background in a similar way if one of the pions is misidenti ed as a kaon.
In this case, the dominant contribution comes via thé8®!  °0¢ * ) *  resonant
decay. Analogous PID requirements are applied to remove these decays after assigning a
pion mass hypothesis to the reconstructed kaon. Backgrounds stemming from the double
misidenti cation of the nal state particles in signal decays,e.g.when the  (K™) of
the K ° meson is misidentied as & ( *) and vice versa, are highly suppressed due to
PID requirements on the nal state particles.

Several more peaking background sources arise from th@ ! pK * and

°l p *  decays, which mimic the signal if one or both hadrons are misidenti ed
and are reconstructed as & ° decay. These backgrounds are removed by reconstructing
decays under the alternative mass hypotheses, and requiring that the nal-state hadrons
satisfy strict PID criteria if the mass is close to the known  mass.

Double misidenti cation leads to peaking backgrounds that originate from true resonant
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signal decaysB?! J=K %andB°! (2S)K 9, with two of the nal-state particles
swapped. The most signi cant contribution comes from hadron-lepton swapse. when
the (K*) is misidentied asa ( *) and vice versa. These decays are vetoed by
assigning the muon mass to the pion (kaon), and removing events for which the *
(K* ) combination has a mass close to either the knowd* or (2S) mass, and the

(K ™) also fails to satisfy stringent PID criteria.

An additional peaking background can be formed froB*! K * *  decays with
eitherK *!1 K2 * orK *! K* 0 states and the charged hadron from these decays
is combined with a random charged pion or kaon from elsewhere in the event to create
the K © candidate. These events are less trivial to separate from the signal; hence, two
BDT classi ers are trained using simulation for the purpose of discriminating between
B° K ®* decaysandB*! K * * decays in each of the tw * decay modes.
A total of fourteen variables are used to train the BDT algorithm including various
kinematic and isolation variables, with the highest discriminating power provided by the
signi cance of the impact parameter with respect to the PV of the randomly charged
hadron used to create thek ° candidate,i.e. the K in the BDT classi er trained to
rejectB*! K *( K2 *) * decays, and the in the BDT algorithm trained to
rejectB*! K *( K* 9 *  decays.

4.5 Data analysis

To recall, the primary aim of the analysis is to determine the Wilson Coe cients of
the b! s'*° WET Lagrangian, as well as to obtain a full description of the nonlocal
amplitudes. The analysis is performed by tting theB®! K ° *  angular distribution
of Eg. 4.3, which provides sensitivity to the WET parameters through thef dependent
angular observables. The latter are parameterised in terms of the transversity amplitudes
described in Sec. 4.3.2, which depend directly on tHe! s'*° Wilson Coe cients
and various parameters describing the nonlocal contributions. The signal decay rate is
modelled in ve dimensions in total | namely, the three helicity angles cos -, cos ¢, and

, along with ¢?, and the reconstructedB mass,m(K * * ). The model is ultimately
used to perform an unbinned maximum likelihood t to the data, simultaneously in the
cos -, cos x, , and ¢f dimensions, within the range €l < g2 < 180GeV=c¢. The
kinematically allowed ¢? region ofB°! K °(! K* ) * decays ranges fromm? to
(mg  mg )2 In this analysis, themy range considered extends tmf® = 0:996GeV/ ¢
as discussed in Sec. 4.2. This results in a fully accessitigphase-space range of@4<
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Table 4.4: The ve ¢f regions used for the simultaneousB® mass t to determine the signal
fraction. The regions are chosen to isolate di erent combinatorial background contributions.

Category o? region [GeV=¢* ]
1 Low-? [0:10; 3:24)
2 Fully combinatorial mid-c? [3:24,8:20)[ [10:6; 11:56)
3 Resonant midef [8:20, 10:6)
4 Fully combinatorial high-f [11:56;1240)[ [14:40;18.00]
5 Resonant highep [1240, 14:40)

of < 1834 GeV=c¢. Beyond this upper limit, the maximum allowedc? value is dependent
upon the my value of the given event. In order to reduce the model dependence of the
¢f resolution in regions where the decay rate varies rapidly witt?, the measurement is
performed in the reconstructedf range of 01 < g2 < 180 GeV=c. In order to perform
such an analysis using experimental data, it is necessary to account for any e ects that
can distort or pollute the sample of events. In particular, it is necessary to account for the
distortion of the spectrum due to the e ects of reconstruction resolution and e ciency, and
to account for the contributions from background process that contaminate the sample.
In order to constrain the background, two separate ts are performed in di erent ranges
of the B® mass,mg, as described in Secs. 4.5.1 and 4.5.2.

4.5.1 Determination of the signal fraction

One-dimensional ts to them(K™* * ) distribution are performed in order to deter-
mine the fraction of signal events relative to the background. These ts are performed in
the range 5220 m(K* * ) 5840MeV ¢, henceforth referred to as the full mass
range. The signal fraction is determined simultaneously in ve separatg regions given
in Table 4.4. These regions correspond to the same three regions as those in Table 4.1,
but with the mid- and high-¢? regions further subdivided. This is done in order to capture
the fact that the combinatorial background composition di ers depending on whether the
o? value is within one of the resonance peaks, or outside of them. In particular, within
the resonance regions (labelled resonant mid- and high-in Table 4.4), the dominant
contribution comes from true resonant dimuon candidates combined with a randokh™
combination, resulting in a strongly peakingy distribution. Outside the resonance regions,
fully random combinations ofK * *  are the dominant contribution with no peaking
structure, referred to as fully combinatorial.

Similarly to previous LHCb analyses o8°! K ° *  [3, 4], the shape of the signal
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Table 4.5: Fitted parameter values for the B® mass simultaneous t. The tail parameter n is
xed to the value 4.23 used in previous analyses [3]. In the background t to the upperB® mass
sideband, these parameters are allowed to vary again but are subjected to a Gaussian constraint
based on these results.

B9 mass t results

527829 0:022 1:185 0:005
1 1695 0:05 fi 0:7227 0:0028
2 1557 0:10 fgo (82 2:0) 10°3

fao (57 24) 10°

s; (25 06) 103 f&  0:9193 00089
s, (35 03) 103 fM 08026 0:0094
ss (35 02) 103 M 09945 0:0002
s, (27 04) 103 f4 08653 0:0089
ss (45 04) 10° ful. (09882 0:0010

mass,;m m(K~* * ), is modelled using the sum of two single-sided CB functions,
1
Pgo(m) = S [FaC(m; 5 aiin)+ (1 T)C(m; 5 20 n)l; (4.60)

wheref ; represents the fraction of the rst CB component andN is hormalisation constant.
The best description of the data is obtained with symmetric CB tails on opposite sides of
the Gaussian core, in contrast to the previous analyses which preferred both CB functions
to have the power-law tail on the low mass side. Due to high correlations between the tail
parameters, only the parameter is allowed to vary in the t, while the n parameter is
xed to the value obtained in Ref. [3]. For the signal, both aB° and B component with
the same shape are included with a xed peak o set given by the known di erence in the
B2 andB? masses m m(B?2) m(B°) =87:19MeV/ c? [96]. The fraction, fgy, of the
B component relative to theB® component is allowed to vary. The parameters of the
signal PDF are shared between all of thg? regions. The combinatorial background is
modelled with an exponential function, leading to a totaimg PDF of the form

Prowi (M) = f8 (1 fgo)Pgo(m) + fgoPgo(m) +(1 Ul )Pggi(m);  (4.61)
where the index,i, labels thef? region. The signal fractions f ;‘fg obtained in this t
correspond to the full mass range. The ts to the dierent? regions can be seen in
Fig. 4.8. The best t parameter results are given in Table 4.5. The signal fractions of
Eq. 4.4 are used to calculate the number of background events mgrregion contained
in mg signal region, which is de ned as a 4BleV region around theB° mass peak,
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Figure 4.8: The mass distribution, m(K * * ), of candidates in the data in ve separate
¢? regions. The data is overlaid with the results of a simultaneous t to determine the signal

fractions.

525958 m(K* * ) 529958MeV . The conversion of the signal fraction from
the full mass range to signal region is detailed further in Sec. 4.5.3.
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4.5.2 Background t in the upper B ° mass sideband

Following the determination of the signal fractions, a t to the upperB® mass sideband
(5440 m(K* * ) 5840MeV &) is performed simultaneously in the threey
regions de ned in Table 4.1. The upper mass sideband is used since the combinatorial
background is the only signi cant contribution in this region and the results can subse-
quently be extrapolated into the signal region in order to isolate the signal component
of the data in the nal t. The lower mass sideband also contains combinatorial back-
ground events, but is not used for this purpose due to the presence of additional physical
backgrounds from partially reconstructed decays and genuine low-mass signal events. The
latter are particularly troublesome for reasons to be explained shortly. Certain choices
made in the reconstruction and selection of events, in particular the use ofs mass
constraint, necessitates a rather complex strategy for the background t.

Strategy to correct for the B ° mass constraint

Special care must be taken in the sideband t to account for the use of° mass constraint
in the t to the signal region. The combinatorial background events are not the decay
products of a realB® meson; however, the mass constraint still tries to correct the?
value to obtain the knownB° mass for the reconstructed parent particle. Consequently,
the mass constraint causes a distortion of the backgrourgi distribution in a way that is
correlated with the reconstructedB® mass. This e ect can be observed by contrasting
Fig. 4.9a, which shows the reconstructeB mass as a function off without the mass
constraint, and 4.9b showing the same with the mass constraint. Thg positions of
the J= and (2S) dominated combinatorial peaks are observed to vary as a function of
mg in a way that is impractical to model. To remedy this, the upperB® mass sideband
is divided into 10 windows, each of width 4MeV/ ¢ as de ned in Table 4.6. In each
window, the reconstructedm(K * * ) mass is constrained to the centre of the region,
so as to mimic the distortion of the backgrounday distribution that occurs in the signal
region that also is 4MeV ¢ wide. As a result of this, theJ= and (2S) peaks are
aligned between the subregions and the signal region, as shown in Fig. 4.9c. While this
procedure mostly resolves issues arising from tlB® mass constraint in the upper mass
sideband, it further complicates matters in lower mass sideband. This is due to the fact
that the lower mass sideband contains a signi cant portion of signal events which are
wrongly mass constrained to the centre of the sideband region. The systematic uncertainty
introduced by attempting to model these contributions outweighs any bene t of tting
the combinatorial background in the lower mass sideband.
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Table 4.6: Mass regions used in the di erent ts to data.

Region name Mass requirement

522& m(K* * )< 5840 MeVd
5238<m(K* * )< 531958 MeV/?

Full mass range
Signal region

Sideband 1 544xm(K* * )< 5480MeVic
Sideband 2 548 m(K* * )< 5520MeVic®
Sideband 3 552& m(K* * )< 5560 MeVic?
Sideband 4 556&m(K* * )< 5600MeVic?
Sideband 5 560 m(K* * )< 5640 MeVic?
Sideband 6 564 m(K* * )< 5680 MeVic?
Sideband 7 568 m(K* * )< 5720MeVic
Sideband 8 572&m(K* * )< 5760 MeVic?
Sideband 9 576&xm(K* * )< 5800MeVic?
Sideband 10 580& m(K* * )< 5840 MeVic?

In each of the tenmg regions, the background shape is modelled in tle®s -, cos g,
, and ¢f dimensions, separately for the ve regions de ned in Table 4.4. Those ve
regions are then reduced to the three regions of Table 4.1 by adding the PDFs for the
relevant contributions in each region. The PDF for the sideband t is de ned as

8
% P comb(™; q2) |OW-C|2
PBkg(~;q2) = §(1 f.]: )Pcomb(~;q2)+ fJ= PJ: (~;q2)

(1 f 29))Peomp(T;F) + f 25)P 25)(T;0F) high-of

mid-cf ; (4.62)

wheref, andf (,5) represent the resonant background fractions relative to the fully
combinatorial components in the mid- and highg? regions, respectively.

Parameterisation of the background angular distribution

Each of the PDFs in Eq. 4.62 is assumed to factorise completely such that each dimen-
sion can be modelled independently. This assumption has been tested with a dedicated
goodness of t test and is found to provide a good description of the data. In each dimen-
sion, the three di erent combinatorial background types are modelled using empirically
chosen functions. A summary of the functions used is given in Table 4.7. The Weibull
function [126] is de ned as

e (%

Pweibur (X; a;B) = ab(bx)? * (4.63)
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Figure 4.9: Distributions of candidates in data with di erent treatments of the B° mass constraint

when determining ¢?. In (a), no constraint is applied, in (b), the nal state is constrained to the
BY mass, while in (c), the nal-state mass is constrained to the centre of each of the 4BleV/ ¢?

wide signal and background regions.

The Chebyshev function refers to a 2nd order Chevychev polynominal de ned as

PChebyshev(X; a, b) = a(2X2 1) + bx+1; (4_64)

Table 4.7: Functions used to describe the di erent combinatorial background contributions in
each of the phase space dimensions.

o cos - COoS ¢
Pcomo | Weibull Chebyshev Bernstein Chebyshev
P CB Chebyshev Bernstein Chebyshev

P (s CB  Chebyshev Bernstein Chebyshev
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where the variablex is assumed to be rescaled to the rangel.0 < x < 1:0. As before
CB refers to a Crystal Ball function. The Bernstein polynomial is de ned as

Pgemstein (X;a;0 = (1 2a+ b)X2 +2x(a 1)+1; (4.65)

and has the property that the function is always positive (in the range 8 x < 1) when
a;b > 0. This function is used for thecos ¢ distribution to ensure t stability and to
prevent the PDF becoming negative at the edges of the range.

All of the background parameters for each combinatorial type are shared between the
10 sideband regions, which gives 33 shape parameters and two fractions in total. In order
to ensure stability of the t, several of the background parameters are xed in the nal t
to the data. The xed parameters include the second Weibull parametebgzmb, for the
fully combinatorial ¢f distribution, as well as the CB tail parameters,ngi , nqz(zs), and

“2(23), for the resonant combinatorialg? distributions.

Mass dependence of the background parameters

To model the shape of the combinatorial background in the signal region, an extrapolation
is made of the parameters obtained from the uppd® mass sideband t. The angular
distribution in the signal region is thus also described by Eq. 4.62. In general, all of
the background shape parameters could vary as a function wifz, which needs to be
accounted for when extrapolating the parameters from the upper mass sideband back into
the signal region. To this end, all the background shape parameters are supplemented
with a linear mass dependent term as follows,

p = p°+ p'm;; (4.66)

wherem; is the distance between the centre of sideband regiorand the centre of the
signal region, whilep® and p* are the t parameters. In the case of thecos x dimension,
a slightly di erent parameterisation is used (1st order Bernstein polynomial)

pi=p’+(p" pOmi; (4.67)

to ensure the parameters stay positive, as required by the 2nd order Bernstein polynomial
describing the cosyk distribution.

The mass dependent terms in the background parameters add a signi cant number of
degrees of freedom to the model and are in general highly correlated with the constant
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Figure 4.10: The fraction of decays removed by theB*! K* * peaking background veto
(see Sec.4.4.1) as a function of the ve phase space variables and the reconstructedmass. The
plots are based on large samples of simulateB®°! K © *  decays produced with the PHSP
model. Figure obtained from Ref. [127].

terms. Most of the parameters are found to be mass independent to a good approximation
and a su ciently good description of the data is obtained with most of mass dependent
terms xed to zero. In the baseline t, only the cos ¢ parameters are allowed to be
mass-dependent.

Correction forthe B*! K* 7 peaking background veto

An additional complication arises due totheB™! K* *  peaking background veto
described in Sec. 4.4.5. While the veto has no e ect in the signal region, it Iters out
a signi cant number of combinatorial background events in the upper mass sideband.
This e ect is illustrated in Fig. 4.10, which shows the fraction of events removed by
the B! K* * veto as function of each of the phase space variables used in the
analysis. The e ect is most prominent in thecos k distribution in which the fraction

of events removed is sharply peaked at higbos ¢ values. Non-trivial dependencies
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are also observed in thef, mg, and m2 dimensions. Consequently, the e ect of the
B*! K* * vetois not captured by the simple parameterisations of the background
angular distribution described above. Moreover, it di ers in each of the sideband regions
due to the mg dependence. If ignored, this e ect leads to the wrong background shape
extrapolated into the signal region. The solution employed is to cut out the a ected
regions from the data entirely by applying an explicit veto in the upper mass sideband. A
corresponding correction to the background PDF is applied which sets the PDF to zero in
the vetoed region, that is,

8

< .
i 0 in cut volume
Paig ™ (75 0Pm) = . | (4.68)
' PBkg(N;qz;m) otherwise

The \cut volume" refers to the region of phase space that is removed by the explicit veto.
This approaches sacri ces some statistical precision on the background parameters by
removing additional events from the upper mass sideband. However, it greatly reduces
the systematic uncertainty from a biased extrapolation of the background into the signal
region.

In order to determine the appropriate cut volume, a non-parametric approach is taken
in which large samples of simulate®®! K* *  decays produced with the PHSP
model are used to identify the veto a ected phase space region. Since the simulated samples
contain only genuine signal decays, a workaround is needed to assesstigedependence
oftheB*! K™* * veto. To this end, a total of 50 samples are produced, each with a
di erent B? mass distributed evenly over the range 5440 m(B% 5860MeV/ ¢2. Only
events within the nominalK * mass window 79& mx < 996MeV/ ¢ are used for this
investigation. Based on Fig. 4.10, only theos « , ¢f, and mg dimensions are non-trivially
aected. The mZ dimension is integrated out in the nal t to data and therefore does
not need to be explicitly corrected for. A three-dimensional cut volume is obtained by
merging the 50 PHSP MC samples, inverting th&*! K* *  veto requirements, and
binning the nal selected sample in ¢€os « ; g%; mg). The resulting 3D histogram is shown
in Fig. 4.11a. The cut volume is de ned as the set of bins in this histogram with at least
1 entry*. The chosen cut volume reduces the total number of events in the sideband t by
approximately 6%.

4A smoothing algorithm is applied during the binning process to ensure that the cut volume is continuous,
i.e. it does not miss empty bins that are contained within the a ected region. The latter are simply due
to limited MC statistics.
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Figure 4.11: The distribution of candidates a ected by (a) the B*! K* * vetoina 3D
volume in (cos k ;g% mg), and (b) the signal in sideband veto in a 2D region in @; mg). These
histograms represent the cut volume used to correct the background PDF in the upper mass
sideband. Figures obtained from Ref. [127].

Veto and correction for signal events in the sidebands

The rst two sideband regions are at low enoughB® masses that the tail of the
B°! K %= contribution is still of a nonnegligible size, causing genuine signal events
to leak into the sidebands. This e ect is visible in Fig. 4.9c as the diagonal band in the
rst two sideband regions atcf values slightly larger than the nominalJ= mass. The
signal decays have a quite di erent angular distribution to the background. Hence, to
avoid biasing the determination of the backgroundy distributions in these sidebands,
the a ected regions of phase space are excluded from the samples following a similar
strategy to that discussed above for thé&8*! K* *  veto. As shown in Fig. 4.11b,
a two-dimensional cut region in ¢?; mg) is removed based on the observed e ect of the
signal in sideband veto in simulation. The background PDF is corrected for the cut region
in the same manner as Eq. 4.68.

Results of the sideband t

When performing the sideband t, all of the free parameters from th&° mass t are
allowed to vary again subject to a Gaussian constraint. The constraint uses the central
values™y; and covariance matrixK v from the B® mass t to construct a multivariate
Gaussian penalty term,

c= 05C "MKk Tme); (4.69)
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which is added to the negative log likelihood. The vector contains the central values
for the mass t parameters in the sideband t. Note that mg is not one of the t
dimensions in the sideband t. The mass t parameters are allowed to vary but are
entirely determined by the constraint term. This approach allows the uncertainty in
the B® mass t parameters to be propagated through to the sideband t parameters.
Moreover, it means that the sideband t produces a combined covariance matrix that
can subsequently be used to constrain all of the free parameters from the sideband and
B? mass ts when performing the signal region t. The results of the uppeB° mass
sideband t are displayed in Appendix 4.G, and the best t parameter values are listed
Table 4.8. In the nal t to the signal region, the parameters of the sideband t are
allowed to vary again subject to a constraint using these results.
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Table 4.8: Fitted parameter values for the upperB° mass sideband simultaneous t. In the
nal t to the signal region, these parameters are allowed to vary again but are subjected to a
Gaussian constraint based on these results.

Upper B® mass sideband t results
Bcomb 0:1429 0:06 Bomp ~ 0:0645 0:06

as®  0:0000 0:006 o0 17719 04
Bgmd 00180 007 By,  0:0357 0:06
al . 1:4460 0:12 B {

a, 0:072 0:029 b, 0:364 0:031
al:® 0.3 06 B:® 267 026

a, 0011 0029 b_ 0018 0:028
¢ 95991 00019 & 01035 00017
¢ 0:89 006 a5 006 011
b s, 0:47 013 & 36 22

52s) 1:20 0:10 a o) 025 0:11
b (s) 001 0:11 ‘*2(23) 13589 0011
T 29) 0:155 0:011 7 29) {

f e 0:899 0017 f sy 065 006

a Ty 21 05 By, 024 0:20

alt 40 06 Y 016 014

s 30 17 B2s) 04 04

s;  0:.0024 0:0006 f&' ~ 0:9207 0:0089
s, 00031 00003 fM  0:8097 0:0093
s 00037 0:0002 fM  0:9942 0:0002
s; 00026 00004 fM' ~ 0:.8670 0:0088
ss 00047 0:0004 f&. 09877 0:0010

52782885 0:0218 1:1865 0:0045
. 169596 0:.0470 f, 07233 0:0028
, 155435 01021 fgy 0:0082 0:0002

0:0066 0:0024
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4.5.3 Fit in the signal region

The nal step consists of a four-dimensional unbinned maximum likelihood t to thecos -,
cos k, , and ¢ distributions in the signal region. The tis performed simultaneously in
the three o regions given in Table 4.1, with the total PDF in each region given by

Prowar i (71 0F) = fsigiPsigi(T; ) + (1 fsigi) Pekg:i (75 ); (4.70)

wherePgiqi (7; ¢f) is the full experimental signal PDF given in Eq. 4.52 with the resolution

model forc? regioni, and Pgyg:i (~; &) is the corresponding background PDF from Eq. 4.62.
The signal fraction, f5ig;, represents the number of signal events relative to the total
number of events within themg signal region. These fractions di er from those in Eq. 4.61,
which correspond to the full mass range and the ve? regions of Table 4.4. The signal

fractions in Eq. 4.70 are de ned as

NBkg;i )

foigi = (1 (4.71)

N Total ;

whereNgyy:i and N i are the background and total event yields, respectively, in the
signal region. The total yield in the signal region is trivially obtained as the number of
events in the sample after applying the mass cut, while the background yield must be
calculated from other information contained in the t results from Secs. 4.5.1 and 4.5.2.
Speci cally, the number of background events in theng signal region is calculated for
each of the ve ¢f regions in Table 4.4 using

Pig;j (M) dmg

N Bkgj = 1 f full N full @nal : (472)

Sig;j Total ;j ]
run PBkg;j (M) dmg

where Ntqa 5 is the total number of events in the full mass range fo? regionj, and
Pgkg;j (M) is the corresponding background mass t PDF from Eq. 4.61. The resonant
and fully combinatorial contributions in the mid- and high-¢? regions are then recombined
to obtain the total background yields for the threeg? regions used in the nal t. The
nal signal fractions after all tting is complete are listed in Table 4.9 for both the full
mass range and the signal region.

The baseline t con guration consists of 150 free parameters. A summary of the
parameters of the signal model is given in Table 4.F.1 in Appendix 4.F. A number of these
parameters are constrained in the signal region t to ensure stability. The local P-wave
form factors are constrained using theoretical calculations of the expansion parameters in
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Table 4.9: The signal fraction in eacho? region after all tting is complete. The fraction is given
over the full mass range for the ve ¢? regions used in theB® mass t (de ned in Table 4.4).
For the three o regions used in the nal signal region t (de ned in Table 4.1), the fraction is
given within the signal region.

Category Signal fraction
Full mass range f &0
1 Low-? 0:9196 0:0088
2 fully combinatorial mid-g? 0:8045 0:0093
3 Resonant mide? J= -dominated Q9934 0:0002
4 fully combinatorial high-o? 0:8656 0:0088
5 Resonant higheg? (2S)-dominated 09862 0:0010
Signal region f sigi
1 Low-? 0:9871 0:.0131
2 Mid-¢? 0:9985 0:0003
3 High<f 0:9959 0:0020

Eq. 4.28. The background yields and shape parameters are constrained in the signal region
t using the extrapolated results of the sideband andng mass ts. This is implemented
through a Gaussian penalty term,

c= 05" ~SBt)KSBlt T Tset)s (4.73)

added to the negative log likelihood. The vectors and ~sg; contain the central values
for the background and mass t parameters from the signal region and sideband ts,
respectively, whileK sg; is the covariance matrix from the sideband t. The latter contains
the covariance information from both the sideband and mass ts.

The complex amplitudes for each polarisation state of the nonlocal components,,
appearing in Egs. 4.38 and 4.43 are determined from the t to the data. For amplitudes
that are expected to be signi cantly di erent from zero, the tis performed in terms of
the magnitudejA, j and phase ; , while for components with a small expected amplitude
the tis performed in terms of the real<(Aj) and imaginary =(A;) components ofA, .
This ensures better stability of the t, since otherwise the phase of the amplitude becomes
unde ned when the magnitude approaches zero.

The scale of both theB°! K ° *  local and nonlocal amplitudes are determined
through the known value of the compound branching fractioB(B°! J=K °%B(J= !
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* ) and by scaling the three polarisation amplitudesAg;k;? of the J= such that
B(B°! JK 9B(I= ! * )= jAL j2+jA% 2+ AL j? (4.74)

The branching fractionB(B°! J=K 9)is taken from Ref. [88] and the branching fraction
B(J= ! * )istaken from Ref. [96]. In the t this is implemented by calculating
jAY. j from Eq. 4.74 rather than having it as a free parameter. The uncertainty of the
branching fraction B(B° ! J=K 9) is a limiting source of uncertainty on numerous
nonlocal parameters and is the largest systematic uncertainty on the Wilson Coe cients,
as discussed in Sec. 4.6.

4.5.4 Blinding procedure and analysis validation

Blinding procedure

The analysis is performed in a blind fashion until nalised by implementing an unknown
o set to the values of the Wilson Coe cients d;)m and G . Additionally, the signs of the
NP components,i.e. the di erences between the Wilson Coe cients and their SM values,
are switched randomly. In other words, the blinding transformation is given by,

Guina = GV + S Q¥ + 0O; (4.75)

whereS 2 f 1;1g is randomly chosen with 50/50 probability, andO 2 [ 0:5;0:5] is
randomly drawn from a uniform distribution. The criteria for unblinding the analysis
consists in a set of crosschecks against previous results which are detailed further in
Sec. 4.5.7.

Validation of the analysis with pseudoexperiments

To validate the analysis method, pseudoexperiments are performed following an identical
procedure to that used for the data t. The statistical behaviour of the t and thus the
validity of the results is assessed using pull distributions that are obtained for each of the
free parameters. The pull for a given parametex is de ned as

Xt Xtrue
Pull= ————; (4.76)
(X)

wherexq,e and x; are the generated and best t values for the parametex, respectively,
and (x) is the estimated 1 statistical uncertainty on the best t value. The errors are
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Figure 4.12: The means and widths of the pull distributions for the B® mass ts obtained from
Gaussian ts. The blue dots indicate the mean position, while the shaded boxes indicate the
1 interval around the mean.

estimated using theHESSHool from the Minuit package [128], which is based on the
calculation and inversion of the Hessian matrix. For a well behaved t, the pulls should
follow unit normal distributions [129]. If there are biases in the t, then the means of the
pull distributions will be shifted accordingly. If there are problems in with estimation of
parameter uncertainties, then the spread of the pull distributions will re ect this.

Validation of the B ° mass t for the signal fraction

The initial B° mass t described in Sec. 4.5.1 is validated using an ensemble of two
hundred pseudoexperiments. The pull distributions are tted with Gaussian functions,
and the means and widths are shown in Fig. 4.12. The error coverage is observed to be
accurate; however, several nonegligible biases are observed. These e ects are understood
and are ultimately found to have no signi cant impact on the nal tin the signal region.

For example, the ; and , parameters describing the core width of the signal mass
peak are strongly anticorrelated, hence the bias in one is cancelled by the opposing bias
in the other. A signi cant bias is also seen in the combinatorial slope parametsg in

the resonant highef region (labelled MASSFIT.SLOPE_.QR3.RESO in Fig. 4.12) which
has a more subtle explanation. The mid- and higké regions in the pseudoexperiments
contain mixtures of resonant and fully combinatorial events in the same way as the data,
and the PDF used to generate these regions is the sum of two exponential functions
with di erent slopes. The B? mass t is simultaneous in ve ¢ regions to best isolate
these contributions, however, the isolation is not perfect. In particular, the resonant
combinatorial contributions sit atop the fully combinatorial ones which have a di erent
slope. However, only the resonant component is included in the PDFs that are t to
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the resonant mid- and highef regions. Evidently, the fully combinatorial contamination
causes a bias in the determination of the background slopes in the resonant regions. It is
most noticeable in the resonant highy? region since the (2S) peak dominates slightly
less over the fully combinatorial background in comparison to thé= peak.

Additional pseudoexperiments are used to con rm the source of the biases in the
slope parameters. In these studies, the pseudoexperiments are generated with the same
slopes in eachf® region causing the resonant and fully combinatorial backgrounds to have
the same shape. As a result, the biases in the slopes seen in Fig. 4.12 disappear. The
eventual impact of the biased combinatorial slopes on the signal amplitude paramaters is
investigated as a potential source of systematic uncertainty and is found to be insigni cant.
This is done using pseudoexperiments that include the signal region t. For all parameters
of interest, the e ect is less than 2% of the statistical uncertainty.

Validation of the background t in the upper mass sideband

Another ensemble of 200 pseudoexperiments is used to validate the background angular
tin the upper B mass sideband described in Sec. 4.5.2. In these studies, Bfemass is

rst performed in the same way as above in order to obtain the covariance matrix which is
used a constraint in the background t. Following the mass t and sideband angular ts,
the pull distributions for each background parameter are tted with Gaussians and the
means and widths shown in Fig 4.13. A similar pattern of biases are observed in the mass
t parameters as is discussed above. These biases persist throughout the various tting
stages since the mass t covariance matrix is used a constraint. Most of the background
shape parameters are largely unbiased and have the correct error coverage. Among the
background shape parameters, those describing thes k distribution appear to be the
worst behaved in the t, with some biases and incorrect error coverage showing in the
pull distributions. In fact, the Gaussian ts to the cos ¢ parameter pull distributions

fail in a number of cases. These issues stem mostly from parameter boundary e ects
in the Bernstein polynomial parameterisation, which imposes a restricted range on the
parameters.

Validation of the signal region t

An ensemble of 150 pseudoexperiments is used to obtain the pull distributions for all

t parameters, and each pull distribution is tted with a Gaussian function. The mean
and width  of the pull distribution for each parameter is shown in Fig. 4.14, and

the numerical values for the Wilson Coe cients are also listed in Table. 4.10. Excellent
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Table 4.10: The means and widths of the pull distributions in pseudoexperiments for the Wilson
Coe cients. The bias is quoted as a fraction of the statistical uncertainty on the parameter.

Variable Mean (bias) Width (coverage)

G 027 006 100 0:04
Cio 0:13 006 094 0:04
Q 0:09 006 105 0:04
&, 0:34 006 Q99 0:04
G 020 006 103 0:04

statistical behaviour is observed considering the number of free parameters in the t. The
error coverage is accurate for most parameters and, for the signal parameters especially,
the observed biases are small compared to the statistical uncertainty. The biases that do
exist are accounted for as slight corrections to the nal results.

Figure 4.13: The means and widths of the pull distributions for all free background parameters
in the upper B® mass sideband t obtained from Gaussian ts. The blue dots indicate the mean
position, while the shaded boxes indicate the 1 interval around the mean.
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Figure 4.14: The means and widths of the pull distributions for the nal t in the signal region
obtained from Gaussian ts. The blue dots indicate the mean position, while the shaded boxes
indicate the 1 interval around the mean. Results are shown for all free signal amplitude
model parameters (top) and all free parameters of the resolution, background, and mass t
models (bottom).

455 Goodness of t assessment

A machine learning based two-sample classi cation test [130] is employed to asses the
goodness of t for the baseline model. The test ultimately extracts a p-value for the
dataset under the assumption (null hypothesis) that the baseline best t model is the
true distribution describing the data. If the p-value for the dataset is small, this would
indicate that the dataset is an unlikely sample given the baseline t model, suggesting
that the model does not describe the data well. The formal explanation of the method for
performing this test is somewhat recondite and is relegated to Appendix 4.H. However,
the main essence of the test is conceptually simple. It is designed to answer the following
guestion: can the dataset be reliably distinguished from a random sample drawn from the
baseline model? To do this, a test statistic denoted ;; is formulated, which quanti es
the distinguishability of any two datasetsi andj. If j ;] & O within an acceptable
tolerance, then datasets andj can be considered distinguishable, implying that they are
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not drawn from the same underlying distribution. In this case, j; is determined by
evaluating the performance of a set of BDTs trained to predict whether an event belongs
to dataseti orj.

Here, the test statistic is calculated for the dataset relative to a pseudoexperiment
(toy) generated from the baseline t model. If the data is labelled byD and the toy by
then the null hypothesis is represented by the statement

j b0 =0 (Null hypothesis):

The test statistic is also calculated for an ensemble of other toy$g relative to the test toy

. The set of valuesfj ;. jg represents the null distribution, which allows to determine
what the acceptable tolerance should be for concluding th@t p. j & 0. The results
of the test for two di erent scenarios are shown in Fig. 4.15. In Fig. 4.15a, the test is
performed excluding theJ= and (2S) resonance regions, thus primarily considering
the phase space regions that are dominated by contributions from local amplitudes. The
p-value calculated for the dataset in this scenario ip = 0:345, which is a probability far
higher than any typical threshold for rejection of the null hypothesis. The conclusion from
this test is therefore that no evidence for a poor t quality is identi ed when considering
the local dominated regions of the phase space.

The main reason for excluding thel= and (2S) regions in the goodness of t test
is due to the overwhelmingly large number of events there which would drown out any
sensitivity to the t quality in other areas of the phase space. As will be discussed
further in Sec. 4.6.2, the t quality is also known to be less than perfect in thé= and

(2S) regions. This is due to the presence of exotic charmonium-like contributions in the
data that are not included in the baseline t model. The largest e ect is in thecos g
distribution, which is visible in the mid- and high-<? t projections shown in Fig. 4.J.1.
This fact provides a means of (partially) assessing the power of the goodness of t test,
i.e. the test's ability to reject the null hypothesis when it is indeed false. For this purpose,
the test is redone including the entire phase space and the results are shown in Fig. 4.15b.
A very clear distinction between the null distribution and the test statistic for the data
is observed. In fact, within the statistics of the nite ensemble used to produce the null
distribution, the p-value for the dataset isp = 0 in this scenario. This test indicates near
incontrovertible evidence of mismodelling in thel= and (2S) regions. Moreover, in
all cases the BDTs trained to distinguish data from toys identi edcos ¢ as the most
important discriminating variable. The goodness of t test can therefore demonstrably
identify a known mismodelling in the cosk distribution.
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@) (b)

Figure 4.15: The distribution of the test statistic j ;. j under the null hypothesisthatj ; j=0
at the truth level is shown in grey. The data test statistic is indicated by the red vertical line.
In (@), the J= and (2S) resonance regions are excluded from the dataset, while in (b) they
are included.

Unfortunately, the ways in which the data could be mismodelled are e ectively in nite.
The power of the goodness of t test used here can therefore not realistically be quanti ed.
Nevertheless, when considered in combination with visual inspection and the other
numerical crosschecks performed for this analysis, any unexpected deviation from a high
quality description of the data appears to be at an undetectable level.

4.5.6 Alternative minima in the negative log likelihood

Relative phase ambiguity in  cT resonance amplitudes

In amplitude analyses ofB° ! K © decays, where ) refers to anyct resonance,
there is well known ambiguity in the de nition of the relative phases for the polarisation
amplitudes. In particular, when ignoring the nonresonant (penguin) contribution and
summing over nal state lepton polarisations, the decay rate and angular observables
exhibit an exact symmetry under the following transformation of the ) relative phases,

(ks 250! ( K 2, 00): 4.77)

As a result, there is a two-fold ambiguity in the relative phase de nition that persists
in experimental measurements. Two distinct minima arise in the negative log likelihood
function, and without additional information there is no reason to prefer one solution over
the other. This ambiguity is indeed observed in this analysis in both pseudoexperiments
and the data, which is con rmed by tting the same dataset multiple times with di erent
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starting values for the ct resonance phases and observing that the t converges to multiple
distinct phase solutions. In principle, a two-fold ambiguity exists for each of theg
resonances included in the model, which would lead to a 256-fold ambiguity in the full
model. Thankfully, when coherently adding all the local and nonlocal contributions in the
total amplitude model, the symmetry of Eq. 4.77 becomes approximate due to interference
between the various components. When starting the t from di erent approximatecc
phase symmetry points, it is generally found that the symmetry is either completely
broken or one of the solutions is clearly preferred as the deeper minimum. For tbre
and (2S) resonances, the symmetry can still be clearly observed, since the penguin rate
is negligible in comparison. The identi ed symmetry approximately corresponds to the
transformation of Eq. 4.77, with the addition of a shift in the longitudinal phase of roughly
o! o 3. The full approximate phase symmetry transformation for theJ= and (2S)
is thus given by

(o k250! (o E; K; 2, 00) (4.78)

The two solutions are far from degenerate, however. The di erence in log likelihoods
between the two minima is approximately NLL = 60, which is a very signi cant

di erence. In pseudoexperiments, it is consistently found that the deeper minimum
corresponds to the true solution, therefore the same criteria is used to select the physical
solution in the data. For the higher °and light quark resonances, no symmetry points
are identi ed.

It is generally stated in the literature that only one phase solution is physical, while
the other is not. And, it is purportedly possible to resolve the ambiguity by incorporating
information from the K* system into the t. This was done in a previousLHCb
measurement [108], where the ambiguity was resolved by tting for the interference
between the S-wave and P-wave amplitudes as a function of the mass of ke system,
myg . The physical phase dierenceq, ¢ between the S-wave and the P-wave amplitudes
is expected to decrease as a function ofx , while the unphysical solution leads to an
increasing phase di erence [131]. Thus, measuring the phase di erence for both sets of
relative phases allows one to select the physical solution based on thg ¢ phase
di erence trend across themy  spectrum. Unfortunately, in this analysismy is integrated
out and cannot be used to resolve the phase ambiguity.
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Table 4.11: Comparison of observables foB? | J=K © decays. For the third column,
measurements of the polarisation amplitudes are obtained from Ref. [108] and converted into
observables with statistical and systematic uncertainties combined.

Observable This work LHCb 2011 [108] Dierence

FL 0:5580 0:0305 0572 0:008 Q4
Ss 0:0069 0:0016 0:013 0:010 Q6
Sy 0:2450 0:0035 0:250 0:006 Qa7
Sg 0:0558 0:0022 0:048 0:007 11
So 0:0922 0:0062 0:084 0:006 10

4.5.7 Preunblinding crosschecks

Prior to unblinding the Wilson Coe cients, several crosschecks of the analysis are devised
and performed in order to give further con dence in the behaviour of the t. Where
possible, comparisons are made to existing published measurements of quantities that are
not subject to blinding. This includes the values of some nonlocal amplitude parameters,
and observable level quantities that can be constructed from the t results without
explicitly revealing the value of any individual parameter.

Comparison of B°! J=K 0 angular observables

The angular observables detailed in Sec. 4.2 can be calculated at specfovalues, for
example, the pole mass of thé= resonance. The observables are dominated by the
nonlocal contribution from the J= here which is insensitive to any local NP contributions.
Previous measurements exist of thB®! J=K © polarisation amplitudes [108] which can
be used to calculate the corresponding angular observables. The resulting observables
are, more-or-less, directly comparable to those obtained in this analysis at te pole
mass. Due to the di erence in methods of handling the S-wave component, including the
sizemy window considered, a meaningful comparison can only be performed for the
P-wave observables. This comparison is shown in Table 4.11 for the observablesS;,
S4, Sg, and Sy. All other observables are identically zero as they involve only di erences
between left- and right-handed transversity amplitudes (see Eq. 4.26), which are equal for
the B°! J=K © decay.
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Comparison of B°! J=K ©%and BO! (2S)K © amplitudes

A more trustworthy comparison can be performed at the amplitude level between
the results of this analysis and the results from the Belle amplitude analysis of
B%! J=K* andB°! (2S)K* decays [88, 89]. The Belle analyses explicitly
modelB®! Te(! © )K* contributions, while the results of this analysis are cor-
rected for these e ects as described in Sec. 4.6.2. TB ! (2S)K © amplitude
measurements from the Belle collaboration [89] are provided in the helicity basis, which
can be converted to the transversity basis via the following transformation,

AY, = HY HY, =2 Ag=Hy; (4.79)

whereH VY, are the helicity amplitudes measured by the Belle collaboration, rescaled such
that jHY, j?+jHY,j?+ jH{ j? = 1. The Belle measurements of th&°! J=K ©amplitudes
are provided in both the helicity and transversity bases. In order to calculate the equivalent
quantities using the results of this analysis, thé8°! K °V nonlocal amplitudes are
evaluated at theJ= and (2S) resonance pole masses independenilg. with all other
amplitudes set to zero. The measured relative phases of tB&! K °V amplitudes
can be compared after a transformation to align the phase conventions. Speci cally, the
phases measured in this analysis are transformed as follows,

Voo YooY+ (4.80)

Table 4.12 gives the results of th&°! K % amplitude comparisons, demonstrating
good compatibility between this analysis and previous measurements.

4.5.8 Comparison of observables to previous analyses

The B®! K % * angular observables can also be plotted as continuous functions
of ¢ and compared to previoud HCb measurements. The binned angular observables
were measured in Ref. [4] using the Run 1 and 2016 data samples, corresponding to
4.7fb 1. The decay rate was measured in Ref. [21] using Run 1 data, corresponding to
3fb 1. Comparison plots for the full set of angular observables are shown in Figs. 4.K.5
and 4.K.4 in Appendix 4.K.1. Good compatibility is observed across the fulf spectrum

for all observables. It is useful to note that in the previous measurements each bin is a
statistically independent measurement, thus large bin-by-bin uctuations are possible.
In this analysis, an unbinned t is performed which enforces consistency across fife
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Table 4.12: Comparison of transversity amplitudes between this analysis and Belle measurements
ofthe B! J=K * andB%! (2S)K* decays. Only the statistical uncertainties are
available for the Belle (2S) result.

Parameter  Fit results Belle [88, 89] Dierence ()

A 2 022 002 023 001 0:4
AT j2 021 0:02 Q20 001 +0:4
A 2 057 003 057 001 +0:0
> 291 001 292 0:06 +0:2
3 293 0.01 291 004 +0:5
A D2 027 001 Q31 004 1:0
A%z 021 003 Q15 003 +1:4
jA,%¥2 053 002 054 004 0:2
e 230 019 242 0:14 05
, @9 270 012 292 012 13

spectrum. With this in mind, the agreement between the binned and unbinned observables
is expected to be imperfect even in the case of identical datasets. Rather, the unbinned
observables calculated in this analysis can be expected to converge approximately to the
average value over the bins of the previous measurements. Disagreements at the level of
1{2 with individual bins from the previous measurements are therefore expected and of
no concern. For the comparisons in Appendix 4.K.1, the results from the t to the full
Run 1 and Run 2 dataset are shown. The same comparison was also performed using
the results of a t to only the Run 1 and 2016 data sample3. A very similar level of
compatibility is observed in this case.

4.6 Systematic Uncertainties

Several sources of systematic uncertainty are considered for this analysis, including those
related to the modelling of the signal, backgrounds, detector e ects, and the analysis
method and implementation. The dominant e ects are described in the following dedicated
sections, followed by an overview of various other e ects that are considered but are
generally found to be negligible contributions to the overall systematic uncertainty. The
nal parameter uncertainties are obtained by combining the statistical covariance matrix

5Due to the more limited dataset size, the full set of nonlocal amplitude parameters cannot reliably
be varied when tting only the Run 1 and 2016 data samples. For this part of the crosscheck, the
two-particle amplitudes are xed to the values measured in the t to the full Run 1 and Run 2 dataset.
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from the likelihood t with the total combined systematic covariance matrix accounting for

all non-negligible e ects. Each systematic e ect is studied in isolation and the systematic
covariance matrices are obtained by the same general method for all e ects considered.
The method involves creating ensembles of pseudoexperiments and performing the full
t using alternative t con gurations and/or modifying the pseudoexperiments in a
manner representative of the e ect in question. The results of performing the t with
the alternative con guration are compared against the results of performing the same
t with the baseline con guration. The covariance is calculated for all t parameters
using the distribution of di erences in best t parameter values between the baseline and
alternative con gurations. The covariance matrices from each systematic study are added
in quadrature to create the total systematic covariance matrix.

4.6.1 Normalisation to the B?! J=K 0 branching fraction

The dominant source of systematic uncertainty on the parameters of interest is found
to arise from the normalisation to theB®! J=K © branching fraction, which is only
known with a relative uncertainty of 6.8% [88]. The normalisation is implemented
by applying Eq. 4.74 in order to x the value ofjAf,: j. Consequently, the magni-
tudes of the J= resonance which enter the total normalised PDF carry a factor of
P B(BO! J=K OB(J=! * ). Varyingthe knownB°! J=K © branching fraction
within its uncertainties therefore translates to a variation of thejAJ: j values, which

subsequently a ects all other parameters of the t. The e ect is of the order 50% of the
statistical uncertainty for G, and 100% forC. It should be noted that the reason this
e ect is so signi cant is due to the larger dataset and dramatically improved statistical
precision in this analysis relative to theBelle measurement o8(B°! J=K ©9) [88]. This
is currently an irreducible systematic uncertainty, but can be directly improved in the
future with a new precise measurement of thB°! J=K © branching fraction, e.g. from
the Belle Il experiment.

4.6.2 Exotic charmonium-like states

The presence of charmonium-like resonances intbe and (2S) spectra, denotedl s
state$, leads to the interference of the decay amplitudeB ! T (! )K with both
the rare decay andB ! K © nal states. This analysis performs a t across the full
o? spectrum, including theJ= and (2S) regions, without accounting for these exotica

SPreviously called Z, states.
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Figure 4.16: The distribution of cos y in pseudoexperiments (left) for events around the
J= and (right) for events around the (2S). The dierent colours correspond to (black)
pseudoexperiments generated without the presence of the exoti€x; states, (blue) with the
central values of the Tz states from Belle measurements, and (red) with the systematic variations
of the Tge1 amplitudes described in the text. The \widths" of each type corresponds to statistical
variations of the toys.

contributions. The reason for not including these amplitude components in the tis
mainly due to computational e ciency; the B ! Te(! )K decays contribute with

di erent functional angular dependencies, thus the decay rate no longer factorises into a
simple sum of products ofl;(¢?) and f;(™) terms as given in Eq. 4.3. The most prominent
e ect of the exotica contributions is seen in thecos ¢ distribution, as shown in Fig. 4.16.

To assess the impact of neglecting the exotica contributions, a correction to the nal
results is derived by generating pseudoexperiments that contain all of the baseline local
and nonlocal contributions added coherently with the exotica contributions following the
procedure of Refs. [88, 89, 132]. The pseudoexperiments are t back using the baseline
model that neglects the exotic states. The exotic amplitudes are xed in the toy generation
to the central values from measurements made by the Belle collaboration [88, 89]. The
resulting average shift of the parameters from their generated values is taken as the
correction. With the exception of theJ= and (2S) magnitudes and phases, the exotica
correction to the parameters of interest is small.( 20%) relative to the statistical
uncertainty.

A systematic uncertainty is derived for the correction by varying the exotica amplitudes
within their measured 1 uncertainties and recalculating the correction. The standard
deviation of each of the corrections obtained from this process is taken as the systematic
uncertainty. Again, with the exception of theJ= and (2S) magnitudes and phases, the
systematic uncertainty on the exotica correction is small. ( 20%) relative to the statistical
uncertainty. For the J= and (2S) parameters, the exotica correction and associated
systematic uncertainty are large relative to the statistical uncertainty (from 100% to
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800%); however, the absolute e ect remains small given the ne statistical precision
achieved on the resonance magnitudes and phases.

4.6.3 Acceptance model

Alternative simulation weights

The acceptance function described in Sec 4.4.3 is determined from simulated samples
that have been corrected to agree with data. The corrections to the simulation are
described in Sec 4.4.2. The weights applied to the simulated samples have associated
statistical and systematic uncertainties that must be propagated through to the eventual
determination of the signal parameters. To assess the impact of these uncertainties,
ensembles of pseudoexperiments are used in which alternative weights are derived and
subsequently used to produce modi ed PDFs with alternative acceptance coe cients. The
resulting set of acceptance functions considered and the di erence relative to the baseline
model are shown in Fig. 4.17. Pseudoexperiments are generated from the alternative
PDFs and then tted back using both the baseline and alternative (true) PDFs to assess
the impact of the simulation reweighting.

The largest e ect is found to come from the corrections to th&° meson kinematics.
The e ect is approximately 10% of the statistical uncertainty for the Wilson Coe cients
and roughly 200% for the magnitudes of the parallel and transverde amplitudes. In
both cases the e ect is subdominant. The baseline weights for the kinematic corrections
are derived by comparing the distributions of several variables betwe@&f! J=K ©
decays in simulation and data. The alternative weights are derived by performing the
same comparisons foB?!  (2S)K ° decays in simulation and data.

Choice of acceptance function polynomial order

As mentioned in Sec. 4.4.3, the Legendre polynomials used to model the acceptance must
be truncated at a nite order. Evidently, the agreement between the acceptance function
and the simulation sample is not perfect at the chosen orders, especially in the lgv-
and high cos ¢ regions. The baseline model uses a 9th order polynomialdh and a

7th order polynomial in cos k. Higher polynomial orders cause numerical instabilities
when normalising the PDF and are thus unsuitable for the t to data. However, it is
possible to generate pseudoexperiments using higher order polynomials. Therefore, to
quantify the systematic uncertainty, two sets of pseudoexperiments are generated, one
with the baseline acceptance function and another with a 12th and 10th order polynomial
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Figure 4.17: One dimensional projections of the acceptance function variations used to assess
the systematic uncertainty. The lower plots show the di erences with respect to the nominal
function.

for ¢ and cos « , respectively. Both are t back with the baseline model and the average
di erence between the baseline and alternative results is used to quantify the systematic
uncertainty. The e ect is again largest for the magnitudes of the)= amplitudes, but
found to be a subdominant contribution overall.

4.6.4 Two-particle open-charm constraint

As described in Sec. 4.3.5, a Gaussian constraint is placed on the size of the open-charm
contributions to maintain the stability of the t. The constraint restricts the real and
imaginary parts, separately, of each two-particle open-charm stat&, D D andD D )

to be of a similar size to one another. A separate constraint is used for each polarisation
amplitude. The lineshape models for the di erent two-particle amplitude components are
very similar and the t does not have su cient sensitivity to disentangle them e ectively.

The main purpose of the constraints is therefore to avoid that the various amplitude
components may take on arbitrarily large magnitudes with opposite signs, while avoiding

a constraint on the absolute size of the combined contribution. The constraint is given a
generous width of 1.0, but could nonetheless cause biases in the open-charm contributions,

"For reference, the coherent sum of all thed D states would saturate the decay rate at around 0.22 [107].
Hence, large destructive interference e ects would need to be present to allow di erences of order 1.0 in
the amplitude components.
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as well as other parameters, if the components that are constrained have di erences larger
than this in data. To asses this bias, pseudoexperiments are generated with the di erence
between the open-charm components set to 1.5. These pseudoexperiments are then tted
twice, once with the baseline constraint centred at zero, and once with an unbiased
constraint centred at 1.5. The di erence in the t results is assigned as a systematic, and
besides the open-charm parameters, the main a ected parameters &eand G , with
systematic uncertainties of 24% and 29% of the statistical uncertainty respectively.

4.6.5 Subdominant e ects

A number of additional systematic e ects are investigated that have the potential to
in uence the results in subtle but important ways. Ultimately, the e ects described in
this section are generally found to be subdominant or negligible impact under the baseline
t con guration. The studies performed that lead to these conclusions are detailed below.

Angular resolution

The experimental resolution in the anglegos -, cos , and is not explicitly accounted
for in the signal model. Unlike thed? spectrum, the angular distributions contain no
sharp peaks and thus the detector resolution is expected to have only a small impact.
Ensembles of pseudoexperiments emulating the e ects of the angular resolution are used
to con rm that there are no signi cant e ects on the signal parameters of interest. In
these pseudoexperiments, the decay angles are smeared according to a resolution model
obtained from an analysis of simulated®! K ° * decays. The pseudoexperiments
are tted back with the baseline model and the results are compared against ts to the
same pseudoexperiments in which the angular smearing is not applied.

The angular resolution in each angle 2 f cos -;cos k; gis modelled by a sum of
three Gaussian PDFs with independent means and widths:

R()=1.G(J i )+@ f)f2G(] 25 )+ (1 f)A f2)G(j s 5)  (4.81)

The parameters of the models are obtained by tting the distribution of reconstruction
errors wue IN Simulated B®! K 0 * samples. The parameters are obtained
separately in each of the threef regions used in the analysis. In Appendix 4.1 one can
nd plots of the tted distributions of reconstruction errors in Figs 4.1.1{ 4.1.3, and the
resulting angular resolution parameters in Tables 4.1.1{ 4.1.3. In summary, the full width
at half maximum of the wue distributions is around 40mrad for - and g, and around
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100 mrad for , with little dependence oncf observed.

The most signi cant systematic e ects due to ignoring the angular resolution in the
t are small biases in the perpendicular components of thd&= magnitude and relative
phase that are of order 10{15% of the statistical uncertainty in these parameters. This
systematic has no impact on the physics output of this analysis; however, it has potential
implications for other analyses such as the measurement of polarisation amplitudes in
B°! K %= decays which have previously considered the angular resolution of the
detector to be a negligible systematic uncertainty [108].

Variation of g2 resolution

The of resolution is accounted for in the baseline model as described in Sec. 4.4.3. The
parameters of the resolution model are assumed to remain constant within eaghregion,
which is an approximation that holds to varying degrees for eaaf region as shown in
Fig. 4.6. In the mid- and high<f regions, the variation in the resolution is slow. Outside
of the narrow resonances which dominate the determination of the resolution parameters,
these regions contain no other features that are narrower than the resolution. Hence, the
small variation in the ¢? resolution within these regions is immaterial. The lovwef region,
on the other hand, contains a sharp increase in events towards the photon pai¢! 0, in
addition to the narrow (1020)resonance. It can be seen in Fig. 4.6 that thg? resolution
also varies faster across this region. The logf-resolution parameters are obtained from
a ttosimulated B°! K ° *  decays produced with a physics model and, given the
size of the lowef region, the tted sample contains mostly events that are away from the
photon pole. Consequently, the t results in an average resolution model for the region
that is not well suited to the photon pole and is closer the expected resolution at the
(1020) resonance based on Fig. 4.6. This leads to a small over-smearing of the decay
rate model near the lowery boundary that could bias the t parameters.
Pseudoexperiments are used to investigate the e ects of mismodelling tyeresolution
in this region. For these studies, pseudoexperiments are generated with an alternative
resolution model that is much narrower than the baseline model as shown in Fig. 4.18,
emulating the improved resolution at very lowc?. They are then tted back with both the
true generator level model and the baseline t model. The di erence in the t results is
used to quantify the systematic uncertainty. In order to avoid numerical instabilities, the
magnitude for the narrow (1020)resonance is set to zero in these studies. Small e ects
of around 1{3% of the statistical uncertainty are observed for the Wilson Coe cients and
the nonlocal G parameters, while around 10{30% e ects are observed for the light-quark
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Figure 4.18: Plots of the baseline and alternative resolution models considered for the log?
resolution variation systematic uncertainty study. The baseline (blue) model parameters are
obtained from tting the ¢ reconstruction error distribution in simulated B°! K © *
decays. The alternative (red) resolution has modi ed parameters which reduces the width by a
factor of approximately 50.

resonance phases.

B ° mass signal region cut

The ¢f resolution parameters are determined in the mid- and higt? regions by tting the
core of theJ= and (2S) resonances in data, respectively. In general, the resolutiondfis
directly correlated with the resolution in the B® mass. This is especially visible around the
resonances as shown in Fig. 4.19a, where clear diagonal bands can be seen. Furthermore,
these resonances are known to have large tails arising from unreconstructed FSR, of which
the main source is photons radiated from the muon system. The t of the signal model
to data is performed within the region 525%8 m(K* * )  529958MeV &,
corresponding to a 4MeV ¢ window around the knownB® mass. Due to the correlation
between unconstrained? and mg, the signal region cut would imply an e ectived? cut if

the unconstrainedc? was used. Using theB° mass constraineay value largely avoids this
issue, as seen in Fig. 4.19b, since tl value is adjusted to correct for the discrepancy in
the B® mass. However, any residual correlation could still lead to an e ectivg? cut due

to the B? mass signal region cut. Such an e ect would distort the tails of the resonances
in data in a way that is not well captured by the baseline resolution function. In the
extreme case of assuming all variation in the reconstructe8l® mass is due to the dimuon
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Figure 4.19: The reconstructedB © mass plotted against (a) unconstrainedg? and (b) constrained
¢? in simulated B°! J=K 9andB%! (2S)K 9 decays.

invariant mass resolution, then one could expect an e ective? cut at
2 p 2 2
F=( F,. 0:020GeVc’)?:

or equivalently, events with a resolution worse than

P
F Qe =4 10% 004 qfe;

q
would be removed. This assumption is, of course, not correct. However, any additional
source of variation such as thenk resolution would have the e ect of smearing out the
e ective cut in ¢ and reducing its impact. Evidently, no e ect of this kind is observed in
simulated B®! J=K ©%orB° (2S)K ° decays. This can be seen in Fig. 4.7 showing
the ¢ resolution, where good t quality is observed for all threef regions extending all
the way into the far tails of the distributions.

Final state radiation from the K* system

As discussed earlier in Sec. 4.4.3, events which su er from unreconstructed FSR from the
K*  system can be over-corrected by the? constraint, leading to a lump in the upper
tails of the J= and (2S) resonances. The eects dK*  FSR are clearly visible as the
vertical bands in the unconstrainedy distribution shown in Fig. 4.19a. After applying
the B mass constraint, these vertical bands are rotated and become anticorrelated with
mg, as shown in Fig. 4.19b. This presents a problem speci cally for events which are
true J= or (2S) decays that originally sit centrally within the peak of the resonance
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Figure 4.20: TheK™ mass resolution, mg Mk miU®, obtained from simulated
(red) B9l J=K ©Cand (green)B%!  (2S)K O decays. The dashed black lines indicate the
boundaries of the core regionjmyg Mk : truej = 15MeVl 2.

in unconstrainedcf, but slightly below the B® mass peak due to missed FSR from the
K* system. TheB° mass constraint mistakenly compensates for the discrepancy by
shifting ¢? to higher values, as if the FSR had originated from the muons. This results
in a bulge of events in the upperf tail of the resonance which is not well captured by
the baseline resolution model. With the relatively narrow baseline signal region, only a
small sign of this e ect is present in thecf distribution for the B°!  (2S)K © decay.
However, if this window is expanded to 8MeV ¢, for example, then the e ect indeed
becomes signi cant This can be seen seen explicitly in Fig. 4.21

Ordering of acceptance and resolution

As described in Sec. 4.52, a potential source systematic uncertainty comes from the order
in which the acceptance and resolution models are applied to the theoretical decay rate
model. The method used in this analysis of applying the resolution prior to the acceptance
is an approximation employed for reasons of computational e ciency. The impact of
this approximation is assessed in a simple toy model representing a process with a single
resonant contribution sitting atop a constant nonresonant component. The following
function is used to represent the decay rate,

f(x)=a+ (x mZ; (4.82)

wherex ¢,., a represents a simpli ed constant rate for the nonresonant mode, and
the Dirac delta term places an in nitely narrow peak in the spectrum as a proxy for
resonance that is much narrower than the resolution. This toy model represents a crude

8The original choice for the baseline signal region was in fact the wider 8BleV/ ¢ window. However, this
was modi ed to the 40 MeV ¢ window upon discovery of theK * FSR distortion e ect which had
previously been assumed to be insigni cant.
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Figure 4.21: The ¢? resolution in simulated (left column) B%! K %)= and (right column)
BO! K 9 (2S) decays. The top row corresponds to a looseng mass window of width
80MeV ¢, while the bottom row corresponds to the baseline signal region of width 40eV/ c2.
The distributions are shown for (red) all candidates, (green) only those in the core of theK *
mass resolution,jmg MK - tue] < 15MeV ¢ and (blue) those in the tails of the K * mass
resolution, jmg Mk . tuej > 15MeV/ 2.

approximation of the B®! K © *  decay rate considering only thel= resonance. The
decay rate is augmented with a detector acceptance and resolution model in a similar
fashion to the full B°! K © *  signal model. The resolution functionR(x) is taken to

be a simple Gaussian with zero mean and width, while the realistic ¢ projection of the
acceptance with 10 polynomial orders is retained:

R(x)= G(xj =0; );
o (4.83)

(X)= ot X+ X2+ + oX™l

The (correct) method of rst applying the acceptance followed by the resolution to obtain
the experimental signal model would result in,

FEP ) =[f(x) ()] R(X)
[a(x)+ (x) ()] R(x)

—a(xX) RX+ (X)R(X) (4.84)
=a gt X+ 2X2 + R(X)
+ o+ X+ X2+ R(x)
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on the other hand, the (approximate) method with reversed ordering of the acceptance
and resolution would result result in,

FE ) =1f(x) R (x)
= a (x)+ R(x) (x) (4.85)
=a o+ X+ X+

+ R(X) o+ 1X+ X?+

In the nal equalities of Egs. (4.84) and (4.85), the second terms are identical. Hence,
the approximation being made reduces to the following replacement for each acceptance
orderi:

X R(X)! X (4.86)

This approximation has a negligible impact if either: the resolution function is su ciently
narrow, i.e. 1; and/or, the acceptance function is su ciently at, i.e.j;j 1 for
i> 0.

The error of calculation resulting from the reversed acceptance and resolution ordering
reduces to the error involved in the following approximation for each

X' R(X)! X (4.87)

The error is therefore expected to be insigni cant if either or both of the following are
true: (i) the resolution function is su ciently narrow, and/or (ii) the acceptance function

is su ciently at. Using parameter values approximatpely representative of our actual
R(x)] nx"
kXX R(X)

the replacement of Eq. 4.87 is shown as a function qf in Fig. 4.22. The e ect of the

, introduced by

model, The total relative error of the approximation, [Dkx

approximation is found to be negligible € 0:5%) across the wholef region. We therefore
assign no systematic uncertainty to this.

Events with multiple candidates

After the full selection has been applied, the fraction of events that contain more than one
candidate is approximately 0.18%. These events are unlikely to correspond to multiple
true candidates and this e ect represents a known di erence between simulation and
data, since in simulation only one true candidate is retained per event by de nition of the
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Figure 4.22: The total relative error introduced by the approximation of Eq. 4.87 in a simpli ed
toy model.

truth matching requirements used in this analysi$. As shown in Fig. 4.23a, the events
containing multiple candidates are not distributed evenly throughout the phase space. In
particular, a spike in the number of such events is observed at high cgs values, which
corresponds to events with a low momentum . Since the nominal acceptance function
is calculated using the truth matched simulation, this concentration of multiple candidate
events is not captured. Fig. 4.23b shows that the distribution of events with multiple
candidates is in fact well modelled in simulation when the truth matching requirements
are removed. Hence, in order to determine if this small potential bias in the acceptance
function is signi cant, the truth matching requirements are removed from the simulation
and the acceptance function is recalculated. Ensembles of pseudoexperiments are used to
determine the shift in parameter best t values resulting from the alternative acceptance
function. The most signi cant e ects are found to be on the magnitudes and phases of
the J= polarisation amplitudes, which are at the level of 30% and 15% of the statistical
uncertainty, respectively. These e ects are dominated by other sources of systematic
uncertainty on these parameters. The impact on all other parameters is less than 5% of
the statistical uncertainty.

%In fact, some fraction of the multiple candidates may be due to \clones" in which multiple reconstructed
particles correspond to the same true particle. These candidates can in principle be included in the
truth matched simulation but in this case they are not.
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Figure 4.23: The distribution of multiple candidates in (a) data and (b) simulation when the
truth matching requirements are removed.

Table 4.13: Results for the Wilson coe cients. The rst uncertainty is statistical, while the
second is systematic.

Wilson coe cient results

356 0:28 0:18
4.02 018 016
0:28 041 012
0:09 0:21 0:.06
( 1.0 26 10) 1C

o

o

ENLHLO O

4.7 Results

The full ¢? spectrum resulting from the simultaneous t is shown overlaid on the data in
Fig. 4.24. The total PDF is decomposed into signal and background components, and
the signal component is further decomposed into the contributions from local amplitudes,
one- and two-particle nonlocal amplitudes, and the interference between them.

The optimal values of the Wilson Coe cients Céo)lo and G are listed in Table 4.13 along
with 1 statistical and systematic uncertainties. The quoted statistical uncertainties are
obtained from the covariance matrix evaluated at the best t point as described in Sec. 4.5.
The systematic uncertainties are evaluated as described in Sec. 4.6. The corresponding
one-dimensional likelihood pro les are shown in Fig. 4.25, wherein the 12 , and 3
con dence intervals are indicated considering both statistical and systematic uncertainties.
The intervals obtained using the pro le likelihood method are in agreement with parameters
obtained from the covariance matrix. The SM values for the Wilson Coe cients obtained
from Ref. [115] are also indicated in Fig 4.25, revealing al2 deviation in the G t
result, and otherwise good agreement with the SM. Two-dimensional con dence regions
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Figure 4.24: The ¢? distribution in the data, overlaid with the PDF projection from the baseline
data t. The total PDF is decomposed into signal and background components, with the signal
contributions further decomposed into local and nonlocal contributions as described in Sec. 4.3.5.
Note the hybrid linear/log scale to incorporate the very tall peaks from the charmonium states.

for d;’lo are also obtained, as shown in Fig. 4.26. The parameters of the dominant nonlocal
contributions, i.e. the one-particle resonance amplitudes, are listed in Tables 4.14 and 4.15,
and the two-particle and nonresonant contributions toG; are given in Table 4.16. The full
statistical correlation matrix for all t parameters is shown in Fig. 4.L.1 in Appendix 4.L.

The prior and posterior values for the local form factor parameters are given in
Table 4.17. Projections of the t on the angles as well ag? in the individual subregions
can be found in Fig. 4.J.1 in Appendix 4.J.

4.8 Discussion

The primary observation to be made based on the results of Sec. 4.7 is that while the
data-driven nonlocal model used in this analysis shows that there is some contribution of
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Figure 4.25: One-dimensional con dence intervals for the Wilson Coe cients, obtained using
a likelihood pro le method. The shaded regions consider only statistical uncertainties, while
the dotted vertical lines indicate the same regions with systematic uncertainties included. The
vertical black dotted lines show the Standard Model values.

nonlocal amplitudes in theg? regions used by previous binned analyses [4], it still prefers
a value of G that is shifted from the SM expectation. Based on a 1D pro le likelihood
scan, shown in Fig. 4.25, a shift of QP = 0:71 0:33 is observed that corresponds to
a 21 deviation from the SM prediction of GM = 4:27 [115], with both statistical and
systematic uncertainties accounted for. This discrepancy also takes into account small
corrections to the value ofG stemming from asymptotic statistical biases and the exotica
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Figure 4.26: Two-dimensional con dence regions for selected combinations of the Wilson
Coe cients, obtained using a likelihood pro le method. The shaded regions indicate the 1
and 3 con dence regions considering only statistical uncertainties, while the dotted contours
indicate the same regions with systematic uncertainties included. The horizontal and vertical
dotted lines show the Standard Model values.

contributions discussed in Secs. 4.5.4 and 4.6.2, respectively. This correction has a total
numerical value of +0.05, thereby slightly reducing the observed tension relative to the
raw t result. The global signi cance of the deviation from the SM considering all of
the Wilson Coe cients in Table 4.13 is reduced to 15 . The global signi cance of the
deviation from the SM is diluted through the additional degrees of freedom introduced
through G Cio; Cg; G that do not signi cantly improve the t quality compared to NP

in G alone. No signi cant deviation in Gq is observed, nor any evidence for the presence
of right-handed currents.

This is the rst direct measurement of G , and the value ofG = 116 264 98 is
consistent with both zero and the SM expectation of lepton avour universalityGS™ =
4:27 [115]. The uncertainty onG is dominated by statistical e ects. The largest
systematic uncertainty, accounting for 30% of the total uncertainty, arises from the
constraint on the relative size of theB® ! DOD’K © contributions, as detailed in
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Table 4.14: Results for the (left column) magnitudes and (right column) phases of the dominant
one-particle nonlocal contributions. The rst uncertainty is statistical, while the second is
systematic. The magnitudes, jA, j, and phases, ;, are de ned in Eq. 4.38. The values of
amplitude parameters that are xed in the t to the data appear with a dash.

Nonlocal parameter results

JAS. ] (398 001 015) 103 X 023 001 001
JAT | (3:85 001 014) 103 7 0:21 0:.00 0:.01
JAY | { o 1:92 005 002

JA g (959 028 082) 104, 084 002 019

jA?(Zs)! (8:38 027 062) 10* 7, 0:44 0.02 011

D

jA®hei (134 04 11) 104 O, 254 013 012
jA0(77o)j { 0(770) 1:38 0:53 0:65
jA!0(782)j { !0(782) 049 092 053
jAO(lozo)j { 0(1020) 0:10 0:82 0:78

Table 4.15: Results for the (left column) real and (right column) imaginary parts of the higher
charmonium resonance nonlocal amplitudes as de ned in Eq. 4.38. The rst uncertainty is
statistical, while the second is systematic.

Nonlocal parameter results ( 10 °)

<(AG0) 368 134 073 =(A“;,,) 287 188 049
<(A%a0) 353 145 047 =(A74;,) 086 156 0:53
<(A0(377o)) 314 1:39 060 :(A0(3770)) 1:67 154 0162
<(Auoip) 239 153 096 =(A",,,) 071 1:80 111
<(A?(4o40)) 2.01 147 059 :(A?(4040)) 0:35 149 082
<(A%4040) 562 L71 107 =(A°,y,) 1:32 1:87 0:99
<(A g 004 172 056 =(A",,) 191 1:98 1:45
<(A%ue0) 281 175 061 =(A7,4,) 0:32 0:15 0:09
<(A%41e0) 103 177 039 =(A° ) 166 167 1:.04

section 4.3.5. The development of theory calculations that can be used to constrain the
B! DODO@ * K °amplitudes would help improve sensitivity toG in future
measurements.

The current best upper limit on theB(B°! K © * ) branching fractionis 31 10 3
at 90% Con dence Level [133] (CL), corresponding to an upper limit g j < 680 at
90% CL (assuming no NP contribution in theG,, coe cient) or jG j < 600 (assuming
the relation Gg = Cg ). The 90% CL upper limit on the jG j parameter from this
work is jGg j < 500 (G j < 600 at 95% CL). To convert the upper limits on the
B°! K % * branching fraction in Ref. [133] to upper limits on the parametgg, j,
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Table 4.16: Results for the parameters of the two-particle nonlocal contributions toG and the
nonresonant nonlocal contributions to G, for the (left) real and (right) imaginary components
as de ned in EqQ. 4.43 and Sec. 4.3.7. The rst uncertainty is statistical, while the second is
systematic.

Nonlocal parameter results

<(A%,.,) 007 093 069 =(AY,,) 044 071 073
<(AJopo) 0:12 083 071 =(Alo50) 0:02 0:80 0:74
<(AZopo) 0:33 091 070 =(A2,.0) 027 077 081
<(A ., ,) 006 096 063 =(Al, 5, 025 079 067
<(Alo,5o) 016 091 066 =(Al,,,) 003 085 0:70
<(Al .o ,) 017 095 066 =(AY, ,) 028 085 078
<(AS o) 002 042 066 =(A,,) 046 032 058
<(Al ope) 024 042 070 =(A] ,,0) 011 039 061
<(Al ,.,) 051 041 068 =(AY, ) 012 035 058

<( & 0:00 003 0:02 =( qk) 0:10 0:03 001
<( @) 0:05 0:03 002 =( C) 0:04 004 001
<( @ 0:33 0:33 009 =( ) 0:19 020 0:09

the flavio package [134] is used, with locd®! K © form factors from Ref. [42] and
subleading e ects parameterised as in Ref. [135].

As can be seen in Fig.4.L.1 in Appendix 4.L, the vast majority of t parameters are
uncorrelated with one another. This can be attributed to extensive t validation studies
aimed at removing degeneracies in the parameter space and maximising the stability of the
t. Nevertheless, some small parameter subsets show signi cant correlations. This includes
several of the local form factor parameters, which are constrained by an external covariance
matrix that mostly dictates this level of correlation. Beyond this, the magnitudes and
relative phases of the nonlocal amplitudes are in general correlated between the di erent
polarisation components. This behaviour is consistent with previous amplitude analyses of,
for example,B°! J=K 0 decays [108]. The parameters of the e ective S-wave amplitude
are strongly correlated due to the t having only moderate sensitivity to this component.
As explained in Sec. 4.3.3, the chosen parameterisation allows for as much freedom in the
S-wave amplitudes as possible in order to remove potential systematic uncertainties from
relying on theoretical input and is found to be statistically well behaved despite retaining
large parameter correlations. Finally, a number of the background and mass t parameters
as well as the parameters of the resolution model show strong correlations. Some of these
e ects have already been discussed earlier in Sec. 4.5.4. Most of the parameters in question
describe the tails and widths of summated Crystal Ball functions, which are notorious for
being highly correlated. Ultimately, the correlations between these parameters are found
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Table 4.17: Results for the local form factors. The rst uncertainty is statistical, while the
second is systematic. The dashed entries represent the parameters being xed in the t due to
their degeneracy with the nonlocal C}’ 0 parameters.

Local form factor results

Parameter  Prior [42] Posterior

o 1:12 020 121 019 002
ho 218 176 323 169 018
. 0:29 0:02 029 0.01 0:00
M 0:46 0:13 Q040 010 001
o 1:22 073 121 069 0:10
or 0:28 0:02 026 0:.02 0:00
oz 055 0:34 Q47 022 004
o 0:58 2:08 053 126 0:17
Y 0:36 0:03 Q036 0:.02 0:00
Y 109 017 1.09 017 001
y 273 1:99 393 174 025
e 0:95 0:14 094 014 001
e 211 128 207 1:16 005
o2 0:32 0:02 {

12 0:60 0:18 061 0:16 001
7 1:70 0:99 178 098 0:03
e 0:62 0:03 {

123 097 032 Q95 0:30 001
e 1:81 245 168 2115 0:04

to cause no signi cant statistical issues with the t. Moreover, reducing the number of
free parameters in an attempt to remove high correlations is found to give inadequate t
guality and introduces new systematic uncertainties.

A number of cross-checks are performed to validate the results of this analysis. The
description of the dominant nonlocal amplitudesi.e. those of theJ= and (2S) resonances,
is validated by comparing the tted amplitude parameters and resulting angular observables
to those measured in previous analyses. To this end, the angular observalbllesS;, Sy, Sg,
and Sg are calculated at theJ= pole mass, and compared along with the magnitudes and
phasesjA,, j and . , to the results reported byLHCb [108]. Agreement within 15
is observed between the two measurements for all observables, magnitudes, and phases.
The measured magnitudes and phasesBf! J=K %andB°! (2S)K ° transitions
are also in good agreement with previous amplitude analyses performedBsile [88, 89],
once the systematic uncertainties due to the presence £{4430) andZ (4200) states are
accounted for.
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In order to check that the model used in this analysis is complete regarding its
description of the nonlocal contributions, an alternative t is performed in which the
values of G and Gy are allowed to carry a linear dependence aif. Speci cally, the
following replacements are made,

=G+ (P Q) Ch=GCot (@ ) (4.88)

where @,y = 8:95 GeV=¢* and denotes the middle of the ttedc? range. Statistically
signi cant nonzero values of and/or would imply an incorrect description of the
nonlocal contributions since af dependent shift is not consistent with being of local
origin. Allowing for this linear dependence in the t does not signi cantly alter the values
for G and G, and results in =0:029 0:082, = 0:058 0:026. No evidence for an
incorrect description of the nonlocal contributions toG is observed while forG,. which
receives only local contributions in the model, a:2 deviation from zero is observed in
the slope parameter. If this could point to an inconsistency in form factors between the
low and high ¢ regions has not been explored. No systematic uncertainty is assigned due
to this e ect.

The results of the t are also cross-checked for di erent choices of the dispersion relation
subtraction point, ¢g, which serves as additional validation of the nonlocal model. The
subtraction constant, Y(Q3), enters Eq. 4.33 as a constant o set t&% and is degenerate
with a NP contribution. In principle, the dispersion relation of Eq. 4.33 is exact and should
be independent of the number and location of subtractions, provided the subtraction point
is within the region in which Y(c) can be calculated reliablyj.e. g3 < 0. A deviation
from this behaviour would reveal itself as a change in th& t results dependent upon
the chosen subtraction point. This would indicate a problem in either the calculation of
Y(Q@) or in the extrapolation to physical ¢ values via the dispersive integral | that is,

a problem with the parameterisation of the spectral densities used in this analysis. To
check this, the tis run an additional two times with subtractions at g = 1GeV=¢ and

g = 10GeV=c and the results are compared to the baseline t with the subtraction
at ¢ = 4:6GeV=c*. The change inG is found to be 0:1 in both cases which is
approximately 35% of the statistical uncertainty. Therefore, within the precision of this
measurement, the choice of subtraction point is found to have a negligible impact on the
results.

To investigate the sensitivity of the t to the local form-factor constraints, an alternative
set of SM predictions from Ref. [100] are used to constrain the form factors. The main
di erence between the two sets of form factor predictions are the LCSR inputs, leading to
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slight di erences in the central values and widths of the constraints in this alternative

t. Modifying the constraint results in a nonnegligible shift in the Wilson Coe cients.
The e ect is approximately 35% of the statistical uncertainty forG and 90% for G
This di erence is visible due to the improved precision of the measurement presented
here. Further advances in the calculation of the local form factors are necessary to resolve
these di erences. Plots of the baseline local form factors as a functiongsfare shown

in Fig. 4.27, where only the statistical uncertainty is shown. The statistical precision of
the data provides some mild overconstraining power and in some cases prefers slightly
modi ed central values; however the global di erence between the pre- and post- t form
factors, evaluated using the change in? of the Gaussian constraint, is negligible.

The results of the nonlocal hadronic amplitudes, expressed as polarisation-dependent
shifts to G are shown in Fig. 4.28. A comparison is made to the nonlocal amplitudes
measured using 4.ib ' of LHCb data [82] that employed a polynomial expansion in
the z parameter, de ned similarly to that shown in Eq. 4.29 and relies on the analytical
properties of these functions in thef ranged? 2 (1:1;8:0)[ (11:0;125) GeV=¢. In the
measurement of Ref. [82] two ts were considered. One t that relied on a simultaneous
t to both LHCb data in the region and theory calculations at ¢? < 0 using an expansion
up to fourth order in z, and another t only to LHCb data using an expansion up to
second order irnz. In contrast to the study of Ref. [82], the model used in this analysis
gives access to the entire? range ofB°! K ° *  decays. A good agreement is seen in
the real part of nonlocal amplitudes between all three t variations. However, it is clear
that the data prefers large=( Cg?}(a') contributions, that cannot be accommodated by
the theory inputs at ¢? < 0 for the z-expansion t.
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