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ABSTRACT

The current era of particle physics is dominated by searches for physics
beyond the Standard Model, which can be pursued with direct or
indirect approaches. This dissertation investigates the features of rare
semileptonic b — sf/ transitions as probe of New Physics. Recent
analyses of these decays have indicated an anomalous behaviour in
measurements of angular distributions of the decay B® — K*u*u~
and in lepton-flavour-universality observables. However, due to the
limited understanding of hadronic uncertainties, the origin of some
of these deviations is of difficult interpretation. These uncertainties,
in fact, can mimic or camouflage New Physics effects limiting the
discovery potential of measurements of B — K*%u"u~ decays.

In order to solve this long-standing issue, a novel combined theory-
experimental approach is presented. The proposed method is first
applied to examine the prospects of an amplitude analysis of B’ —
K*%u"u~ decays and then extended to the channel B’ — K*%¢*e™ as
a test of Lepton Flavour Universality. It is found that a separation
between New Physics effects and hadronic uncertainties is possible
and, if the current hints are confirmed, an early discovery of physics
beyond the Standard Model can be achieved within the end of LHCb
Run-II. Furthermore, the proposed method not only surpasses the
sensitivity of previous approaches, but will also enable a deeper
understanding of the nature of New Physics. Moreover, sensitivity
studies, including all the experimental effects, have been performed
investigating the expected significance of the proposed measurement
with the current dataset collected by the LHCb experiment.

Finally, the study of B¥ — K"u*u~ decays is presented as an
example of a direct search for New Physics. The Run-I dataset collected
by the LHCb experiment, corresponding to 3 fb~1, is analysed by
looking for an hypothetical new scalar particle produced via BT —
XK decays and subsequently decaying into a muon pair. The signal
would manifest itself as an excess in the di-muon invariant mass
distribution over the Standard Model background. No significant
excess is observed in the accessible ranges of mass 250 < m, <
4700 MeV /c? and lifetime 0.1 < 7,, < 1000 ps. Therefore, upper limits
on the branching fraction B(B™ — K™ x(— utpu™)) at 95% confidence
level are set as a function of m, and 7,. These are the most stringent
limits up-to-date on the process and constrain several inflaton models
predicting the existence of a new light particle.
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INTRODUCTION

The Standard Model of particle physics (SM) aims to explain, in a
unified theory, the elementary constituents of the Universe and their
interactions. The SM has been successfully tested with extraordinary
precision in the last few decades, however, a series of phenomena that
can not be predicted within the SM have been observed in different
fields. Therefore, the current theory is experimentally found to be
incomplete.

Experiments designed to explore possible new phenomena are ac-
tive in several fields, e.g. particle and astro-particle physics, aiming to
detect signs of physics beyond the Standard Model. These researches
can be performed based on two complementary strategies, direct or
indirect approaches. The former intents to directly observe signs of
hypothetical new particles, e.g. reconstructing their decay products or
detecting their interaction with SM particles, while indirect searches
aim to perform precise measurements and, in case of deviations from
the SM predictions, to reveal possible contributions from new phe-
nomena. This dissertation focuses on the physics case that can be
explored by studying b — sf{ transitions and investigates the discov-
ery potential of such decays both in direct and indirect perspectives.

Despite no clear sign of New Physics (NP) has been observed so far,
a series of non-standard measurements has been recently reported in
flavour physics. These deviations, although non statistically signifi-
cant when considered separately, show a coherent pattern that can be
interpreted as a hint of NP. Several of these intriguing results consist
of measurements of rare b-meson decays, including a large variety
of b — sl{ transitions. Nevertheless, the weak knowledge of theoret-
ical uncertainties in these decays and the limited available statistics
currently limit any claim of physics beyond the Standard Model.

The LHCb experiment [1] is an excellent example of precision mea-
surements in flavour physics. Its designed characteristics, optimised
for the study of b and c-hadron decays, together with the enormous
collected datasets, allow the investigation of the flavour sector of the
Standard Model with unprecedented precision.

In this thesis, a novel approach to unambiguously distinguish the-
oretical uncertainties from possible New Physics contributions in
BY — K*9¢T ¢~ decays is presented. This consists of an amplitude fit
to the decay rate and is first applied to B® — K*®u*p~ decays [2]. The
proposed method combines the state-of-the-art theoretical knowledge
with the full experimental information that can be extracted from the
kinematic distributions of signal decays. Afterwards, prospects for
a simultaneous amplitude fit to B — K*%u"pu~ and B® — K*0ete~
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decays are examined as advantageous solution to solve the interplay
between hadronic uncertainties and NP effects [3].

Moreover, the results of a direct search for New Physics based on
the analysis of Bt — K*utpu~ decays performed on pp collision data
corresponding to an integrated luminosity of 3 fb~! collected by the
LHCb experiment are presented. This search looks for the production
of a hypothetical new scalar particle, x, in Bt — K*x decays, with x
decaying into an opposite sign muon pair [4].

Furthermore, the performance of the Tracker Turicensis detector (TT)
is examined by mean of a modified algorithm that allows to evaluate
the detector resolution, efficiency and alignment in an unbiased way.

This dissertation is organised as follows; chapter [1]briefly introduces
the properties of the Standard Model and illustrates possible NP
scenarios, chapter [2| presents a detailed description of the theoretical
framework employed to study B® — K*%/T/~ decays together with
a review of the current experimental results, chapter [3|is dedicated
to profile the hadronic uncertainties in B® — K*%/*¢~ decays, while
a general description of the LHCb detector is given in chapter
where particular attention is dedicated to the performance of the
Tracker Turicensis, chapter @ describes the results of the search for
Bt — K™ x(— ptu~) decays, chapter [7 discusses the experimental
sensitivity foreseen at LHCb for the amplitude analysis of B® —
K*%uTu~ decays and, finally, conclusions to this work are given in

chapter



The sum of things is unlimited,

and they all change into one another.

The All includes the empty as well as the full.

The worlds are formed when atoms fall into the void
and are entangled with one another;

and from their motion as they increase in bulk,
arises the substance of the stars.

— Leucippus (fl. 450 B.C.)

THE STANDARD MODEL AND BEYOND

The Standard Model of particle physics stands out as one of the most
successful theories of the last sixty years. It describes the behaviour
of elementary particles (i.e. particles without internal substructure)
and their interactions, incorporating in a single portrait strong, weak
and electromagnetic forces. Particles are grouped based on their spin
quantum number and are divided in fermions, half-integer spin par-
ticles, and bosons, integer spin particles and mediators of the various
interactions. Fermions are the constituents of ordinary matter of the
Universe and are in turn divided between quarks and leptons. While
leptons are neutral with respect to the strong interaction, quarks ap-
pear in three different colour-charges: red, blue and green. Since only
colourless objects can freely propagate in Nature, quarks are bound in
mesons (quark-antiquark system) or baryons (three quarks objects)
Both groups of fermions appear in three generations, of two members
each, and the resulting six types of fermions are known as flavours.
The main components of the SM are summarised in Fig.

The Standard Model has been experimentally verified with aston-
ishing precision for many years”| with experimental measurements
confirming its accuracy at different energy scales, from low-energy
B-decay to high energy collider experiments. Nevertheless, many fun-
damental questions still remain open and suggest the necessity for an
extension of the SM. These can be formulated as

i. The flavour puzzle - the flavour sector of the SM contains 20
free parameters| to describe masses and mixing of quarks and

Bound states made of more exotic combinations of (anti-)quarks, known as tetraquarks
and pentaquarks, have been recently discovered [j5}/6].

One of most noticeable achievements of this theory has been the ability to predict the
existence of particles that would have been only subsequently discovered, from the
charm quark, whose discovery gave origin to November revolution (1974) [7,8], to the
W and Z bosons in the ‘8os [9H12] and the third generation of quarks [13H15], until
the most recent Higgs boson in 2012 [16/17].

A total of 20 parameters is obtained considering a minimally extended SM (vMSM)
to include neutrino masses and oscillations.
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leptons, while only a total of 5 parameters is required to char-
acterise gauge interactions and bosons masses; why there are
three generations of fermions and what is the origin of their
mass hierarchy make the flavour sector the most puzzling part
of the SM;

ii. The hierarchy problem - the observed value of the Higgs boson
mass leads to a non-trivial large fine-tuning mechanism in ab-
sence of New Physics at an energy scale lower than the Planck

scaleff]

iii. Why the gravitational force is not included in a common de-
scription with the other three fundamental interactions?

Beyond these intriguing, albeit purely speculative interrogations, a
set of observations that cannot be explained within the Standard
Model can be found in particle and astroparticle physics, as well as in
cosmology. Examples are

i. Many experimental observations demonstrated that only a tiny
fraction of the matter present in the Universe belongs to the
components of the SM, while the vast majority corresponds to
the so called Dark Matter, which interacts only gravitationally
with the SM [19]f]

ii. The CP Violationﬁ measured in weak interactions of quarks is
by far too small to explain the matter-antimatter asymmetry
observed in the Universe;

iii. The Standard Model predicts massless neutrinos, while oscil-
lations between the three neutrino families are observed and
unambiguously indicate non-zero neutrinos masses.

Therefore, it is commonly accepted that the Standard Model is an
incomplete theory and a huge effort in the field is addressed to look
for signs of New Physics.

1.1 THE STRUCTURE OF THE STANDARD MODEL

The Standard Model is formulated in terms of a quantum field the-
ory, where bosons and fermions are described as excitations of local

The Planck scale identifies the regime of space, time or energy beyond which quantum
field theory and general relativity are no longer applicable and quantum effects of
gravity are expected to dominate [18].

In addition to Dark Matter, cosmological observations hypothesised the presence of
Dark Energy, responsible for the accelerating expansion of the current Universe. The
Dark Energy component is estimated to be approximately 70% of the total density of
the Universe.

The term CP violation refers to a breaking of the CP symmetry, that is the combination
of the charge conjugation C and the parity transformation P. Perfect CP symmetry
implies that the law of Physics are conserved if a particle is interchanged with its
antiparticle while the spatial coordinates are inverted [20].
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Standard Model of Elementary Particles

mass | =2.4 MeVjc?
charge | 2/3

(fermions)

1275 GeVfc*
2/3

three generations of matter

=172.44 GeV/c* 0 =125.09 GeV/c*
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down strange bottom photon
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neutrino

neutrino

neutrino

Figure 1: Elementary particles of the Standard Model [21].

quantum fields. The dynamics of the SM is completely determined
by the local gauge symmetry SU(3)c x SU(2); x U(1)y, where the
SU(3)c term describes the strong and the SU(2); x U(1)y part the
electroweak interaction, and by the fermion content, which consists of
tive fields with different quantum numbers under the gauge group.
These are identified by = Qr, dr, ur, L, and /g, where the sub-
scripts L and R indicate the handedness of the fermion and Q(L) and
u/d(¢) are respectively the doublets and singlets for quarks (leptons)
under SU(2);. The five fermion fields appear in three identical repli-
cas and the highly symmetric structure of the gauge sector gives rise
to a large global flavour symmetry, where the fermions undergo the
same gauge interactions. The kinetic term for the fermion fields can
be expressed by

Lyinetic = Z l/_Jl’YV D,u’yb 7 (1)
¥

where ¢ are Dirac matrices and the gauge invariance is preserved by
the covariant derivative

/
Dy = 3 — IS Gy — iS oy Wh — 5 VB, (2)
where G, Wﬁ and By, are the SU(3)¢, SU(2)r and U(1)y gauge fields
respectively, ¢s, ¢ and g’ are the associated coupling constants and
A, 0p and Y are the corresponding fundamental representations,
identified by the Gell-Mann matrices, Pauli matrices and hypercharge,
respectively.

5
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The local symmetry is spontaneously broken by the introduction of a
SU(2)1 scalar doublet H, the Higgs boson, whose vacuum expectation

value
) =5 (1) 6

gives mass to the fermion fields via the Yukawa interaction
EYukawa = _YZ?QZLHd]R - Y};QZLHCM]R - YgilLHE% + h.c., (4)

where i and j label the flavour generations, Y;; are complex coupling
matrices and H® is the complex conjugated of the Higgs doublet
H® = iopH*. Furthermore, the fact that the matrices Y** ! are not
proportional to the identity gives rise to an explicit breaking of the
global flavour symmetry.

In general, the diagonalisation of each Yukawa coupling requires
two independent unitary matrices, V. YV} = A48 In the lepton sector
the invariance of the gauge Lagrangian under SU(3) allows to freely
choose the two matrices necessary to diagonalise Y* without breaking
gauge invariance. This is not the case for the quark sector, where
only three of the four needed rotation matrices to diagonalise both
Y% and Y* can be freely chosen, leading to a non-identical mass and
flavour-eigenstate bases. Choosing the basis where Y9 is diagonal,

Yt =2, Y'=V'A,, (5)

a single non-trivial unitary mixing, V, is left and it represents the
misalignment of the up- and down-quark mass bases. Within arbitrary
phase-convention differences, the obtained 3 x 3 matrix results in the
Cabibbo-Kobayashi-Maskawa (CKM) matrix [22]]

Vud Vus Vub
VCKM = Vcd Vcs Vcb ’ (6)
Vie Vis Vi

where each element Vj; represents the mixing between quark flavours.
The CKM matrix shows a strongly hierarchical pattern that makes
the Wolfenstein parametrisation [23] a convenient way to exhibit the
mixing between generations of quarks in a more explicit way,

1-4 A AN3(p — in)
Vekm = —A -2 A [ +o0Y), o)
AN (1 —p—in) —AM? 1

where A = sinf. ~ 0.22, with 6. known as the Cabibbo angle de-
scribing the mixing between the first two generations of quarks [24],
while A, p and 7 are real parameters of the order of unity. The two
parameters p and 7 give origin to a single complex phase, this weak
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phase raises from the unitarity of the CKM matrix and is the only
known source of CP violation in the Standard Model.

When moving from the flavour to the mass-eigenstate basis, the
CKM matrix naturally appears in the interaction between quarks and
SU(2) gauge bosons described in Eq. [1jand |2} Therefore, the charged
current mediated by the combination of gauge bosons

1 .
reads as g .
Lo = _\ﬁghmjdévv; +he., (9)

where Lcc has been limited to the quark sector. It is evident from the
previous equation how the charged W boson rules a flavour changing
transition between up-type and down-type quarks, with a coupling
determined by the weak constant ¢ and the relevant element of the
CKM matrix V;.

On the other hand, the neutral Z boson originates from the combi-
nation of the remaining SU(2) and U(1) gauge fields

3 : 0
Wi\ _ ( cos Oy  sin 9W> z / (10)
B, —sinfyw cosfy Ay
where the vector field A, is identified as the photon, v, and the weak
mixing angle Oy is defined as
g : g
—=—— and sinfy = —"—— (11)
/gZ + g/2 /gZ + g/2
and shows the unification of the weak and electromagnetic interac-

tions. Both Z and vy are neutral bosons and couple exclusively to same
flavour fermions with a structure given by

cos Oy =

Lnc = 4‘;1'7?4 [Ay <g§3 sin Oy + ¢'Y cos 9W>

+Zy (g(;?’ cosfy — ¢'Ysin Gwﬂ Vi, (12)

where the first part identifies the electromagnetic interaction under
the conditions

gsinGW:g’COSGW:e and y:Q—%, (13)

and Q denotes the electromagnetic charge operator.
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Figure 2: Feynman diagram of flavour changing neutral current b — s pro-
cesses.

As a consequence, Flavour Changing Neutral Currenf/| (FCNC) tran-
sitions are forbidden at the tree level in the Standard Model. These
processes can only happen at the loop level (see Fig.|2) and are there-
fore suppressed with respect to tree level decays. This suppression
makes FCNC transitions an ideal framework to look for New Physics.
In fact, hypothetical new particles can either be directly detected or
indirectly modify physical observables from their Standard Model
predictions.

1.2 BEYOND THE STANDARD MODEL

Searches for physics beyond the Standard Model can be separated in
two macroscopic areas: direct and indirect searches. While the former
requires to reach the energy necessary to produce the given particle,
the latter aims to perform precise measurements and detect possible
deviations from SM predictions.

Since no evidence of New Physics has been observed yet, it is of
fundamental importance to concurrently pursue both approaches. In
fact, if the energy scale of NP is higher than what can be explored
with current colliders, of the order of few TeVs, the only possible way
for a discovery of NP is through indirect searches. On the other hand,
if the scale of NP is low enough to be directly accessed by the current
experiments, direct searches constitute the privileged channel.

1.2.1 Direct searches in the dark sector

A possible extension of the Standard Model consists in introducing a
dark sector [25]], which can contain a rich variety of distinct particles
operating through forces that are hitherto unknown. Under this sce-
nario, dark sector particles would be gauge singlet states with respect
to the SM, and only be able to communicate with known particles via
weakly interacting messengers through one of four portals: the vector,
axion, Higgs, and neutrino portals.

The term Flavour Changing Neutral Current refers to all the processes that modify
the flavour of a particle but keeping unchanged its electric charge.



1.2 BEYOND THE STANDARD MODEL

For the scope of this dissertation, only the Higgs portal is further
discussed. In this scenario, the new scalar particle can mix with the
Higgs boson and, therefore, can be explored at high-energy colliders.
A prime example of such theories are so-called inflaton models [26,
27], where a hypothetical new scalar field was responsible for the
exponential expansion of the Universe after the big bang.

Inflation theories have been formulated in the early "8os [28] as pro-
posed solutions to the horizon problem and flatness problem. The former
regards the homogeneous and isotropic aspect of the Universe. This
condition of causally connected Universe cannot be reached assum-
ing the evolution of the Universe being only dominated by radiation
and matterﬂ Inflationary mechanisms postulate that currently dis-
connected regions were initially part of a single Hubble volume and
underwent an exponential expansion in the first 10732 seconds of the
Universe that led them outside the observable horizon. Secondly, the
flatness problem concerns the density of matter in the Universe that is
found to be very close to the critical value required to have a flat Uni-
verse. Extrapolating this peculiarity to the early Universe, the obtained
value is found to be identical to the critical density apart from one
part of 10—, This incredible fine-tuned condition, without which the
Universe would have collapsed or exploded much before the current
epoch, is accommodated by the rapid expansion during inflation that
is able to rapidly reduce 1 — ) to arbitrarily small values, where Q2 is
the ratio between the actual density and its critical value. Finally, these
models can also help to solve the hierarchy problem and to explain
the baryon asymmetry in the Universe [29,30].

In conclusion, cosmological inflation predicts the existence of a new
scalar inflaton field, yx, that is responsible for the thermal equilibrium
of the early Universe. Moreover, some inflaton models allow the mix-
ing of the inflaton with the SM Higgs boson. The Lagrangian of these
extended models reads [26]

1 1 o
L= Lom+ 50.x0"x + 5mx" = gx“ —MH'H= 3, (14)

where Lgy is the SM Lagrangian without the Higgs potential and
both quartic coupling, B, and Higgs-to-inflaton mixing, «, are very
weak, while Higgs boson self-coupling, A, is strong (A 2 0.1). This
new scalar potential has SM-like vacuum expectation values

A

(H)= - and (x)=1/5

v, (15)

Two widely separated regions that move apart from each other faster than the speed of
light never come into causal contact and, therefore, cannot reach thermal equilibrium.
Assuming only a Universe dominated by matter/radiation, thermal equilibrium
would be found only within ~ 1.5°, i.e. radiation coming from wider angles would
be originated from disconnected regions.
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with v = 246 GeV and gives origin to the scalar masses

my = V2Av and mX:mH\/zﬁ, (16)

where the rotation between the mass and gauge eigenstates of the
Higgs and the inflaton fields is described by the mixing angle

[ _ 2
0= 5= e (17)

The size of this mixing angle establishes the magnitude of the mixing
process, i.e. large values result in strong coupling of the inflaton to the
SM sector and vice versa.

Under these assumptions the mass of the inflaton is only weakly
bound. Constraints are imposed by the reheating temperature] of
the Universe, that must be above the electroweak scale [31]; stronger
mixing implies more efficient energy transfer from the inflaton to
the SM particles and, consequently, higher reheat temperature in the
early Universe. Hence, combining Egs. [16|and [17, higher reheat tem-
perature results in lighter inflaton. Secondly, quantum corrections
originated from the mixing mechanism to the bare inflationary poten-
tial Bx*/4 should be small [26], this settles a upper bound on & and,
as a consequence, a lower bound on the inflaton mass.

These conditions identify two possible mass ranges, an heavy in-
flaton, with 200 < m, < 400 GeV/c?, and a light inflaton, with n1,
between O(10) MeV and O(10) GeV [26]. In the case of heavy infla-
ton the tiny coupling with the Standard Model disfavours any direct
searches in the foreseeable future, since it would require an amount
of statistics at high energy collisions that goes beyond the possibilities
of current and planned future hadronic machines. On the other hand,
searches for light inflaton appear promising given the large available
datasets at low energy at current experiments.

Furthermore, two fundamental properties must be investigated in
order to exploit direct searches opportunities: inflaton decay products
and lifetime. The inflaton inherits through the Higgs mixing Yukawa-
type couplings to the SM. Thus, its branching ratio coincides with that
of a SM Higgs boson of mass m, [32], once taken into account the small
mixing angle - see Fig. 3} Secondly, the lifetime of the inflaton depends
on the accessible final states and is inversely proportional to the value
of the quartic coupling f (or, equivalently, inversely proportional to the
square of the mixing angle, 62). Figure |4/ shows the obtained lifetime

The term reheating refers to the end of the inflationary expansion, when the inflaton
field decays into SM particles and the radiation-dominated phase of the Universe
begins. The name originates from the thermalisation process subject to the production
of the SM fields after the drop of temperature during inflation.
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Figure 3: Inflaton branching ratios as function of the inflaton mass [33]. The
region between 1.5 < m, < 2.5 GeV/c? suffers from significant
QCD uncertainties, due to the opening of new hadronic channels,

primarily x — #n7.
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Figure 4: Inflaton lifetime as function of the inflaton mass for g = By, while
for other values the lifetime is inversely proportional to the quartic
coupling B (or, equivalently, inversely proportional to the square of
the mixing angle, 62) [26].

for the choice f = Bg = 1.5 x 10_13 The resulting lifetime can span
several orders of magnitude, (’)(10_6 - 10_12) s, and may become
relevant for detection purpose at high energy beam experiments.
Rare B and K-meson decays are an ideal framework to look for
light inflaton production. Figure [5|shows a possible diagram of FCNC
processes that allows to directly access the inflaton via mixing with
the SM Higgs boson. Previous searches for such phenomenon have
been performed by the CHARM [34], NA48/2 [35] and LHCDb [36]
experiments. While the first one sets a lower limit on the inflaton mass

10 The value of the quartic coupling By = 1.5 X 1013 [26] assumes the quartic term
Bx*/4 dominating the potential during the inflationary phase of the Universe and
corresponds to a number of e-folding of approximately N, ~ 62, where N, determines
the timescale/magnitude of the exponential expansion of the early Universe ~ eMe.
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Figure 5: Feynman diagram of the production of the inflaton x via flavour
changing neutral current, where the inflaton interacts with the
Standard Model by mixing with the Higgs boson.

m, 2 280 MeV /c?, the other two exclude a subregion of the parameter
space (11, 02). The NA48/2 collaboration analysed decays of K* —
= utu~, while LHCb published a search using the B® — K*0uty~
decays, where in both cases the inflaton is assumed to decay into a
muon pair["| However, the different quark transitions K — 7 and B —
K have a strong impact on the sensitivity of the two decays. In fact, due
to the large Yukawa coupling with the Higgs, the inflaton production
is dominated by the contribution of the top quark in the loop diagram
of Fig. |5l Thus, s — d transitions are suppressed compared to b — s
transitions by the sub-leading terms of the CKM matrix V;s and V,.
In the following, the interest is restricted to B-meson decays to
either a kaon (pseudo-scalar) or a K** (vector) in the final state. The
branching ratio of BY — K™ x decays is predicted to be [37]

2

B(BT — Ktx) =4x1077 (109_3) PK(mX)\/X, (18)
where the dependence on the unknown inflaton mass resides in the
form factors F and in the phase space suppression A = (1 — mgz(mx +
my)?) x (1 —mz*(my — mg)?). An analogous formalism can be used
to express neutral B — K*'x decays where the only difference resides
in the available phase space given by v/A3 due to the presence of a
vector in the final state [37].

Figure [f] shows a comparison of the branching ratios for the two
channels. The B — K**x mode is suppressed for large inflaton
masses, 1y > 2 GeV/ c2, due to angular momentum conservation.
At low mass, where the available energy from the B decay compen-
sates the angular momentum barrier factor, both channels have similar
sensitivity.

A search based on B — K" u™u~ decays, that is expected to have
comparable or better sensitivity than the B® — K*%u*u~ search of
Ref. [36], is presented in Chapter [6]

The choice to restrict the search to a final state containing muons is experimentally
motivated. Muons give a unique signature in the detector, typically surrounded by a
heavy hadronic environment, and are measured with an excellent precision.
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Figure 6: Branching ratio of the decays B — K™ x and B — K*x as from [37].

1.2.2  Indirect searches in flavour physics

While results of direct searches of physics beyond the Standard Model
are of straightforward interpretation, indirect searches can point to
specific directions to understand the nature of New Physics. In addi-
tion, indirect measurements can be the only possible way to investigate
new phenomena in case that the scale of NP is too high to be directly
accessed at colliders. Precision measurements in the flavour sector
are an excellent example of such indirect tests of the SM. A (non-
exhaustive) list of representative measurements consists of

i.

ii.

CP violation and the unitarity triangle - the unitarity of the CKM
matrix leads to a set of relations between its elements, one of
these,

ViV + Vea Vo + ViaViy, = 0, (19)

is of particular interest since it involves the sum of terms all of
the same order in A and is historically known as the unitarity
triangle. The measurement of the three angles of the unitarity
triangle, accessible by several independent particle decays, rep-
resents a strong probe of the CP violation mechanism in the
SM [38,39]-

Rare hadron decays - particle decays that are strongly suppressed
in the Standard Model, e.g. loop processes/flavour changing
neutral currents, are expected to be particularly sensitive to
New Physics. In fact, virtual particles can contribute to the
decays and enhance or suppress their branching ratio, modify
angular distributions or introduce new sources of CP violation.
Among these processes, purely leptonic decays as By(g) — (£~
are prime examples of indirect test of the SM. These FCNC
decays undergo an additional helicity suppression by m? /M3
and, within the SM, have branching ratio of the order of O(1077)
and O(107%9) for By — pu*u~ and B® — utu~, respectively.

13
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ii.

A recent publication of the CMS and LHCb experiments [40]
reported the first observation of B; — u*u~ decays and evidence
of B — u*u~ decays, where both decay rates have been found
to be compatible with the SM predictions. Despite less clean
from a theoretical point of view, b — s¢/ transitions provide an
analogously powerful investigation of NP and great attention
is addressed in this dissertation to the study of B® — K*0¢*¢~
decays.

Forbidden Standard Model decays - the Lagrangian of the SM is
invariant under U(1), x U(1), x U(1) rotations of the lepton
fields. This discrete symmetry implies the conservation of the
leptonic quantum number, commonly known as Lepton Flavour
Conservation. On the contrary, the experimental evidence of non-
zero mass neutrinos allows Lepton Flavour Violation (LFV) in
the neutral lepton sector of the SM and, potentially, also in the
charged sector. However, the predicted contribution from neu-
trino oscillations to charged LFV processes is extremely small,
below 10~>*. Therefore, any sizeable contribution to decays that
do not conserve lepton flavour would be a clear sign of NP.

These indirect searches provide important constraints on several

New Physics scenarios. Popular examples are: Z' models [41-44],

that introduce an additional U(1)’ gauge symmetry allowing neutral

flavour-changing coupling at the tree level, e.g. Z' — bs; and lepto-
quark models [45-47], that postulate the existence of a new boson
that carries both quark and lepton quantum numbers. An interesting
implication of these leptoquark models is the enhanced branching
ratio of LFV decays (e.g. B — KTy, B — Tu [48,49]) to an extent that
can be accessed at current colliders. Finally, further models that can be
inspected by indirect approaches consist of composite Higgs [50,51]

and extra-dimensions theories [52].



“E pur si move!”

— attributedlﬂ to Galileo Galilei, (1633)

THE B —K*¢*/— DECAY AND THE FLAVOUR
ANOMALIES

This chapter discusses all the theoretical and experimental aspects
relevant for the study of BY — K*0/* ¢~ decays These decays are
characterised by b — s¢/ transitions and are found to be rare, with
branching ratio of the order of O(107%). In the first part, a complete
theoretical description is presented, followed by a review of the current
status of experimental measurements in the field.

2.1 THE STANDARD MODEL AS AN EFFECTIVE FIELD THEORY

It is common in flavour physics to consider the Standard Model as
a low-energy Effective Field Theory (EFT) [53]. This is possible since
decays of B, D and K mesons are ruled primarily by two different
energy scales: the electroweak scale, characterised by the W boson
mass, which determines the flavour-changing transition at the quark
level, and the scale of strong interactions Agcp, related to the hadron
formation. Thus, the description of meson decays is simplified by
integrating out the heavy SM fields (W and Z bosons, as well as
the top quark) and rewriting the Lagrangian density in terms of
local operators of dimension six and higher, containing only light SM
fermions and suppressed by inverse powers of the W mass as

Lot = —43% " C(1)Oi(n), (20)

where the sum runs over the complete basis of operators O;. In gen-
eral, the effective couplings C;(y), known as Wilson coefficients, de-
pend on the renormalisation scale u. This scale acts as a separator of
short-distance effects, included in the C;(y), and long-distance effects,
encoded in the operators.

The Wilson coefficients are firstly evaluated at the electroweak scale
(4 = mw) by matching the decay amplitudes of the full theory and of

The origin of the phrase “And yet it moves”, commonly attributed to the Italian
mathematician, physicist and philosopher Galileo Galilei, has never been histori-
cally demonstrated, since it does not appear either in his trial’s acts or in private
manuscripts. The sentence is first reported by writer Giuseppe Baretti in his book The
Italian Library, London (1757).

Throughout this dissertation, the symbol K*¥ refers to the neutral K*°(892) vector
resonance.
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the effective theory. Afterwards, renormalisation group equations [54,
55] are used to evolve the Wilson coefficients from the electroweak
scale down to the energy scale of the physical process (y ~ mg).
Following this procedure, the presence of New Physics at high scale
can modify the initial values of the Wilson coefficients, appearing
as a shift with respect to the Standard Model predictions, i.e. C; =
CM 4+ CNP
1 1 .
In the case of b — s// transitions, the effective weak Lagrangian is
given by [56]
4Gr

* Ke
Ll = thbvts {[ClOf +C05] + = [C707, + CoOgy + C10010A]}

V.,V
+0 < ‘;l:v'f,ca,...,& leCs> ,
tb Vs

(21)
where the relevant dimension-six operators are the b — sc¢ four-

quarks operators

Of = Biytctchyush

OF — FroPbo, s (22)
2 = ULy CLCLYuSL,
and radiative/semileptonic operators
e _
O7, = 62 mybRo" Fuust ,
1- -
Ogy = Ebhysoﬂwf, (23)

1. i}
O104 = Ebﬁysﬂ%ﬁsﬁ,

where b, s, c and ¢ are the SM fermionic fields, « and B denote colour
indices and F,, is the electromagnetic tensor. The initial condition of
O7,, Ogy and Ojp4 are found to be particularly sensitive to NP. These
operators correspond to the photon production b — sy and to the
vector and axial leptonic currents, respectively. Finally, by virtue of the
left-handed nature of the weak interaction, right-handed current oper-
ators O;, obtained by replacing q; gy — qr(z) in Eq. [23} are suppressed
in the Standard Model. Nevertheless, these chirality-flipped operators
can receive non-negligible contributions from NP models involving a
different helicity structure.

2.2 THE B -K*0¢t/~ pECAYS

Rare BY — K*0¢+¢— decays, where the K*Y is reconstructed as K*0 —
K*7~, provide a rich framework to investigate possible New Physics
effects. In particular, the presence of a vector meson in the final state
introduces additional degrees of freedom to the system, which can be
parametrised in terms of the di-lepton invariant mass squared, 42, and
the angular distributions between the final-state particles.
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(a) 0k and 6, definitions for the B® decay
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(b) ¢ definition for the B° decay

(c) ¢ definition for the B° decay

Figure 77: Definition of the decay angles 6, x and ¢ in B — K*?/* ¢~ decays.

Figure El shows the definition of the three decay angles, () =
(04, Ok, ¢), that completely characterise the topology of the decay.
The angle 6, is the angle between the direction of the ¢* (¢7) and
the direction opposite to that of the B? (B?) in the di-lepton reference
frame. The angle 6k is the angle between the direction of the K™ (K™)
and the direction of the B® (B?) in the K* (K*) reference frame. The
angle ¢ is the angle between the plane of the di-lepton pair and the
plane of the K and 7 originated from the K* (K*) decay in the B° (B?)
reference frame.
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2.2.1  Differential decay rate

The differential decay rate of B — K*(— K7t~ ){*¢~ can, summing
over the lepton spins, assuming an on-shell K* of narrow width and
integrating over the K7t invariant mass, be written as [57]

4
3'27” dqu(l;() (Iic + Ipe cos26y) cos? Ok (24)
4+ (Iis + Ips cos 26, + Igs cos B;) sin? Ok
4+ (I3c082¢ + Iy sin 2¢) sin” O sin” O,
+ (Iycos¢ + Igsin¢) sin 20k sin 26,
+ (Iscos¢ + I7sin¢) sin 260k sin 6y,

where I; = I;(¢4%) are g>-dependent angular coefficients. These coef-
ficients can be conveniently expressed in terms of transversity am-
plitudes, Aé,’i\l and A;, where A =0, L, ||, t refers to the polarisation
of the K*¥ meson and the indices L and R denote the chirality of the
lepton current [58]. Considering only the operators relevant in the
Standard Model, the angular coefficients are

2+ B

he = “L[lALR+ AR+ (L - R)]

4’”12 L 4Rx L R*

41’112 *
he = [LAGP+ 1AP] + 5[4 + 2 Re(A5AF )],

2 .

Ly = il JATP+ AP+ (L= R)|,

be = —B}[IAF2+ AP,
2 .

ho= P[P AP+ (L - R), 5)
2

— l L qL*
L = \/ERe[AOA| +(L—>R)},

I; = \/E,Bl Re [A(%AIJ_* — (L — R)}/

e = 2BiRe [AﬁAﬁ* (L — R)},

b= V2B Tm|AFAF — (L R)],
2

Iy = 7%1711 [AFAL + (L - R)],

Iy = BZm[ALAF 4+ (L~ R)],
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with B; = /1 — 4m?/42. These amplitudes are the physical quantities
that describe the decay process’|and can be expressed as [56}/59]

AL = N{[(Co+ ) F (Cro+Clo) | o)

2myMp T2y » Mg 2
+ = |G+ FL) 16w B H ) |

Aﬁ'R = —N{ [(Cg —C3) F (C10— C{O)]}"”(qz) (26)
2m, M , M
+ 28 (e — e FT () 167 EHy ()]},
AP = =N{| (€~ ) F (Cro — Clo) | Folg?)
2myM . M
+ ’”52 2 - enF @) 167 S B},
Ai = —2N(Cio—Cip) Fe(q?),

where the normalisation factor N is given by

PBivVA

N = GraVyy Vig 3.2105Mp (27)
The functions F )(LT) (g%) express the local hadronic matrix elements,
known as form ﬁzctors and H, (%) parametrise the non-local hadronic
matrix elements. While the form factors can be accessed either
from first principles through Lattice QCD simulations [60,61], or
from quark-hadron-duality arguments through QCD Light-Cone Sum
Rules [62}/63]], the matrix elements of non-local operators result more
difficult to determine and are discussed in the next section. The trans-
lation between the presented choice of form factor basis and the
commonly-used in the literature (see Refs. [64,65]) reads as

V24
Fi = vV,
+ Mg (Mg + M)

V2(Mp + M)

Fio— M; A, (28)
A oo (M3 — 4% — M%) (Mp + My.0)? A1 — AA;
2MyoMp(Mp + Mg )\/3* '
V24
.FI — T] ,
Mg

2 In quantum mechanics, the transition between one quantum state to an other is
determined by the invariant matrix element (or amplitude) between the initial and
final states contracted with the relevant operators, whose modulus square gives the
probability of the given process.

3 The forrrg) factors describe the hadronic transition between the initial and final state
B0 — K*0.
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fT — T2 ,
I M3
£ VA (M3 +3M2,, — %) _ VPEA .
0 2M2ZM 2T M2 Mo (M2 — M2,,) >
B K*0 B K*0 B K*O
ft — Ao ,
where

A= M+ Mbo+ ()~ 2MB (Mo + @)~ 2°Mea.  (20)

2.2.1.1  Non-local hadronic matrix elements form analyticity

Matrix elements involving insertions of non-local operators, Ops.c =
C101 + C,0,, are particularly difficult to determine or to assess reliably
from first principles and have been the focus of much attention over
the last two decades. The parametrisation of these hadronic matrix
elements proposed in Ref. [59] is summarised in the following.

The non-local hadronic functions #,(4%) can be expressed in terms
of a “conformal” variable z [66,/67]

z(qZ)E \/t+_ 2_\/t+_t0
Vi@ +VE -k

where t, = 4M? and ty = t4 — \/t+(t+ — Mé(zs))' With this choice,
the functions #,(z) are meromorphid¥in |z| < 1, with two simple

poles at zj/y(15) =~ 0.18 and zy(55) =~ —0.44. Therefore, after dividing
out these singularities

(30)

—zz¥ 1—zz* R
HA(Z _ J/y(1S) ¢(25)HA(Z),

Z7Z1/p(1S) 2 T Zyp(2S)

(31)

the remaining functions 7{,(z) are analytical in |z| < 1 and can be
Taylor-expanded around z = 0. In addition, in order to improve the
convergence of the expansion, these non-local functions are assumed
to inherit all the singularities of the form factors, resulting in

A K A
() = [ L |7, (32)
=0

(A)

where «;’ are complex coefficients, and the analytical expansion
is truncated after the term zX. This parametrisation is expected to
converge reasonably well in the region of interest, |z| < 0.52| how-

In complex analysis, a meromorphic function on an open subset D of the complex
plane is a function that is analytic on all of D except for a discrete set of isolated
points, which are poles of the function.

The domain |z| < 0.52 includes 4> values between —7 GeV? and Mi(ZS)’ as discussed

in Sec. where the functions H, will be extensively employed.
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ever, the truncation of the series unavoidably introduces some model
dependence.

2.2.2  Observables in B — K*¢* ¢~ decays

Rare B® — K*0/* ¢~ decays are an excellent example of FCNC pro-
cesses that are highly sensitive to physics beyond the SM. The presence
of virtual particles, in fact, can significantly modify many of the nu-
merous observables that can be studied analysing the decay.

2.2.2.1 Branching ratio measurements

One of the simplest observables of interest is the (differential) branch-
ing ratio, i.e. the rate of appearance of a given decay channel. However,
the SM predictions for this kind of measurements suffer from large un-
certainties, due to theoretical uncertainties on the form factors [68/69].
These calculations involve non-perturbative QCD effects, that can not
be exactly evaluated.

2.2.2.2  Angular analyses

The non-trivial angular distribution of the decay products determined
by the differential decay rate given in Eq.[24|can be studied performing
an angular analysis. The most natural set of observables can be built
in terms of the CP-averaged and the CP-violating observables as

Li+ I
S — i )
© T dl +dT)/dg? (33)
LT
A = — (34)

(dl' +dT)/dg?’

where I; and T refers to the CP conjugated decays.

Signal events can be analysed in bins of ¢, thereby effectively
averaging the observables over the width of the bins. The resulting
three-differential decay rate is given by

1 dr+T) 9 13 . )
d(g—;f) d(—') - %[Z(l_FL) sin” 0k + F cos” Ok (35)
q
1

i (1 — Fr) sin? 0 cos 20, — F; cos? Ok cos 26,

S5 sin? O sin? 8¢ cos 2¢ + Sy sin 20k sin 20, cos ¢
4

S5 sin? Ok sin 6, cos ¢+ gAFB sin? O cos 8,

Sy sin® Ok sin 0y sin ¢ + Sy sin 20 sin 260, sin ¢

+ o+ o+ o+t

Sy sin? O sin? Bysin2¢| ,
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where the mass of the leptons has been neglected, F; = (%Ilc —
}IIZC) /T >~ Sy, (the last equality holds in the case of massless leptons
when Si. = —5y) is the longitudinal polarisation and Arp = 3/4 Ses

is the lepton forward-backward asymmetry. The obtained differential
decay rate can be used to extract the angular observables with a fit to
data. Note that, the determination of the S; observables, analogously
to the branching ratio, suffers from sizeable uncertainties from form
factors. Nevertheless, Refs. [70}[71] proposed an optimised set of ob-
servables where such uncertainties cancel to large extent. These are
built from F; and S3, ¢ and read as follows

_ 25 L0
L
. 2 AFB
P = 31-F’
— Sy
P —
3 1_FLI (36)
P _ S458
o FL(1—F)
P, = o7

VEA-F)

2.2.3 Lepton Flavour Universality tests

A complementary set of measurements that provides excellent probe
of the Standard Model consists in Lepton Flavour Universality (LFU)
tests. LFU is an intrinsic feature of the SM, originated by its flavour
symmetry (i.e. apart from the Yukawa interaction, the Lagrangian of
the SM is lepton-flavour universal). This implies that the electroweak
couplings of the three generations of leptons are the same. An obvi-
ous consequence is that, once the difference of the lepton mass has
been taken into account, amplitudes of processes involving different
lepton flavours are predicted to be identical in the SM. This becomes
of particular interest when considering rare B decays where the mass
of the leptons ¢ = ¢, u can be neglected. Therefore, semileptonic de-
cays involving b — s¢/ transitions are expected to behave identically
when considering muon and electron final states. On the contrary, a
non-trivial flavour structure beyond the SM can break Lepton Flavour
Universality and be observed in the rich phenomenology of semilep-
tonic decays, from branching ratios to angular observables.

The simplest example of such universality tests inspects branching
ratios. It is common to define the ratio [72]

2

dT(B—Xsutu~
f ( dqzu I )dq o
Rx = - ’ 37
f dl"(B—(;;(zse*e )dq2
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where X; stands for a hadron containing a strange quark, such as a
K or a K* meson, and the decay rate is integrated over a given g?
range. The advantage of such formulation is that all the hadronic
uncertainties (both form factors and non-local effects) cancel in the
theoretical predictions, giving a Standard Model prediction close to
unity with an accuracy at the percent level [73].

2.3 REVIEW OF THE FLAVOUR ANOMALIES

The term flavour anomalies refers to a set of measurements displaying
tensions with the SM predictions that have been recently reported by
several experiments in flavour physics. Despite each of these devia-
tions has not exhibited singularly a discrepancy larger than 5 ¢, these
measurements globally show an intriguing anomalous pattern that
attracted the attention of the entire community. These results can be
grouped in two distinct areas: branching ratios and angular analyses
of decays involving b — supu transitions and tests of Lepton Flavour
Universality in b — s/ decaysﬂ In the following, a review of the
current anomalous measurements in b — s¢¢ decays is presented and
their impact on the field is discussed.

2.3.1 Branching ratios in b — suu decays

The LHCb experiment measured the branching ratios of several de-
cay channels as B® — K%u*u~, BY — K*utu=, Bt — K* utyu-,
Bs — ¢utu~ and BY — K*utu~ [75+77]. These channels are all gov-
erned by b — supu transitions but differ by the choice of the spectator
quark that gives origin to different mesons. In all these measurements
the observed differential decay rate dI'/dg? shows a deficit with re-
spect to the Standard Model predictions, especially in the region
1 < g% <8 GeV?/c*. Figure [8 shows two of these examples. However,
despite the revealed coherent behaviour, the interpretation of this set
of measurements is limited by the form factor uncertainties in the
Standard Model predictions.

2.3.2  The Pl anomaly

The optimised set of angular observables defined in Eq. [36{ has been
widely used in the community as test of the Standard Model and, from
an historical point of view, it is precisely in one of these observables -
P! - that the first anomaly was observed in 2013 by the LHCb exper-
iment. The first measurement of the optimised angular observables
observed a local discrepancy in one of the 4% bins of the P! variable

Beside b — sf{ transitions, a set of deviations from the SM has been measured also
in b — clv decays [74]. These processes are governed by tree-level charged current
transitions and their discussion goes beyond the scope of this dissertation.
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Figure 8: Differential branching ratio dT'/dg? for (left) BT — K*uTu~ [75]
and (right) B — K*%u*u~ [77] decays. The shaded regions illus-
trate the theoretical predictions and their uncertainties.
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Figure 9: Left: first P measurement by the LHCb experiment corresponding
to a dataset of 1fb~! [78]. Right: Updated measurement of Pl
including LHCb 3fb! [79], ATLAS [81], CMS [82] and Belle [80]
results.

(see Fig.[g) [78]. Thereafter, several updates have been published in
more recent years, both by LHCb (with three times more statistics)
and by other experiments (Belle, ATLAS and CMS). Figure |§| (right)
summarises the results obtained by the different experiments. While
the updated publication of LHCb [3 fb~!] [79] confirmed the initially-
observed tension, analyses by Belle [80], ATLAS [81] and CMS [82]
present large uncertainties that do not allow to draw any further
conclusions. It is worth to note that, despite the limited sensitivity to
this kind of measurements, the effort performed by general-purpose
experiments like ATLAS and CMS proves the strong interest of the
entire particle-physics community in the flavour anomalies.

2.3.3 Charm loop or New Physics?

Despite the long-standing P! deviation has been confirmed by two
independent experiments, the physics community sees this anomaly
with skepticism. In fact, if on one hand several models have been
suggested in order to interpret this tension as a signature of New
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Physics [41-47], on the other hand, the vector-like nature of this
pattern could be also explained by non-perturbative QCD contri-
butions from Oy, operators (known as charm loop) that are able to
either mimic or camouflage New Physics effects [83|/84]. Presently, the
largest systematic uncertainty that limits the discovery potential of
B® — K*%u*u~ decays arises from the insufficient knowledge of these
non-local hadronic matrix elements.

Some promising approaches suggest to extract these contributions
from data-driven analyses [85,86] or by exploiting analytical properties
of its structure [59], as discussed in Sec. However, these models
still have intrinsic limitations, in particular in the assumptions that en-
ter in the parametrisation of the di-lepton invariant mass distribution.
Chapter [3|investigates in details the potentialities and limitations of
the analytical approach of Ref. [59]], with the awareness that this is a
crucial issue for the understanding of B’ — K*Yu "1~ anomalies.

2.3.4 The Rg and Rg» anomalies

The LHCb experiment recently published two measurements, Rk [87]
and Rg- [88], of LFU tests involving b — s{*¢~ transitions. These
measurements analyse BT — K¢/ and B® — K**/* ¢~ decays, respec-
tively. The observed values are

Rk = 0.74510%9° +0.036, (38)

measured in the range 1 < g2 < 6 GeV?/c?, and

o {0.66+8;5; £0.03 for 0.045 < g% < 1.1 GeV?/c*, 59

0697000 £0.05 for 1.1 < g% < 6.0 GeV?/ct,

where the analysis has been performed in two distinct 4% bins, namely
low-¢? and central-4? region. For all results, the first uncertainty is
statistical and the second systematic.

These measurements are in tension with the Standard Model pre-
dictions at a level of 2.6 standard deviations (Rg) and 2.1 and 2.4
standard deviations (Rg-) for the low- and central-¢* bins respectively.
Nevertheless, the interpretation of the observed value in the low-¢?
bin of the Rx+ measurement requires a separate discussion. In fact,
the low-¢? region of B® — K*/* ¢~ decays is dominated by the O
operator and analyses of B — K*' decays [89-92] provide strong
constraints on a SM-like value of C;. Hence, the small value of Rg+
at low-4% deviates both from the SM and from the most popular NP
scenarios and only the analysis of larger datasets will elucidate such
regime.
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Figure 10: Global fit to b — s{* ¢~ anomalies from Ref. [93].

2.4 GLOBAL FITS

Despite none of the current measurements exceeds the 5 ¢ deviation
required for a claim of New Physics, global fits seem to suggest a
common explanation to these anomalies [93-95]. The most popular
interpretations point to a shift in Cg or, alternatively, in Co and Cjo
simultaneously/’| Fig. [10| shows one example of global fits when vary-
ing Cg9 and Cyp while keeping all the other Wilson coefficients to their
Standard Model values. The results are also displayed when consid-
ering b — supu measurements only, or LFU tests alone, resulting in a
great compatibility of the favoured Co-Cyy parameters space between
the two sets of measurements. Furthermore, this set of anomalies
suggests the presence of New Physics in the muon channel (e.g. lower
branching ratios, modified angular distributions) while keeping the
electron mode as in the Standard Model.

7 In the hypothesis of a simultaneous NP contribution to both Cg and Cy, an appealing

scenario is provided by the case C)'¥ = —CNF, which preserves the V — A structure

of the leptonic current of the Standard Model.



“[..]1 Considerate la vostra semenza:
fatti non foste a viver come bruti,
ma per seguir virtute e canoscenza.

Li miei compagni fec'io si aguti,
con questa orazion picciola, al cammino,
che a pena poscia li avrei ritenuti;

e volta nostra poppa nel mattino,
de’ remi facemmo ali al folle volo,
sempre acquistando dal lato mancino.”

— Dante (XIV sec.) Inferno, Canto XXVI

TOWARDS A DISCOVERY OF NEW PHYSICS?

This chapter includes original work done during my PhD. Firstly,
phenomenological studies are performed to understand the New
Physics discovery potential of B® — K*®u"u~ decays, proposing a
new method to advance the understanding of long-standing issues
that so far limited the confidence of the flavour community in the
anomalies observed in this decay [2]. Secondly, new observables that
can lead to an early discovery of New Physics in Lepton Flavour
Universality test of B — K*0¢T/¢~ decays (if the current hints are
confirmed) are proposed [3].

3.1 PRELIMINARIES

In experiments, rare semileptonic decays are in general accessed only
outside the regions corresponding to the c¢ resonant modes. In par-
ticular, the decays B® — J/9(1S)(— ¢7¢7)K*¥ and B® — (2S)(—
E*E*)K*O, which proceed at the tree level in the Standard Model,
completely prevail over the B — K*/* ¢~ rare mode due to their
branching ratio larger by three orders of magnitude.

In addition, bremsstrahlung effects limit the electron g2 resolution
at LHCb, resulting in a strong deterioration of the J/¢(1S) and 1(25)
resonant peaks. As a consequence, the following kinematic regions
are investigated in these studies

QM. 1.1 < ¢ <80GeV2/ct,
QY 110 < g? <125 GeV?/c*, (40)
Q¥ 1.1<¢*<70GeV?/ct,
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Table 1: Number of expected signal candidates extrapolated to the different
scenarios.

Number of events ‘ Run-Il  Upgrade [50 fb~!]

B — K*¥utu~ 4,900 44,000
BY — K%+~ [QW)] | 6,900 62,000
B? — K*0ete~ 525 4,700

where two g? intervals are considered for the muon channel while the

electron mode is limited to a single domain. The definition of these

g% ranges is broadly consistent with published results and assumes

improvements in the electron mode resolution [96]. Furthermore, a

modified definition for the 4> muon ranges is considered, namely
QW 1 11< g% <9.0GeV?/ct,

1, ext

QM 1 100 < 42 < 13.0 GeV2/ (.

2, ext

(41)

These extended domains assume a veto of approximately + 0.5 GeV?
around the J/¢(1S) and ¢ (2S) invariant mass squared and may ap-
pear experimentally challenging. However, considering that the effect
of the investigated non-local hadronic contributions is expected to
rise in proximity of the charmonium resonances, the analysis of these
extended g2 regions is of high interest for this study.

Finally, the considered g range includes neither the low-4? region,
where several light resonances (e.g. ¢, p, w, etc.) must be considered ]|
nor the high-4? region, where the presence of broad charmonium res-
onances and new opening channels invalidates the current parametri-
sation of the non-local hadronic contributions.

Based on the selected 42 intervals, the expected signal yields foreseen
at LHCb Run-II [8 fb~!] and Upgrade [50 fb~1] [97] can be predicted.
These are extrapolated from Refs. [79,88] by scaling the luminosities
and the bb production cross section 0 « /s, where /s denotes the
designed centre-of-mass energy of the b-quark pair. The expected
number of signal candidates for the different scenarios is reported in
Table

The Probability Density Functionf| pdf, for signal decays can be writ-
ten as

1 dir dr

P 1 p— 2 PR
pdf = T a2 Fo% with T = /quQi dg a2’ (42)

An appropriate description of light resonances goes beyond the scope of this study.

2 The Probability Density Function of a continuous variables is the normalised rep-

resentation of its distribution, namely a function whose value at any given point
returns the probability of the variable to equal that value (or to fall within a particular
range of values, if integrated over that interval).
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where d'T is the differential decay rate of Eq.|24and the 4% domain Q;
depends on the lepton flavour under study. The signal pdfs contain

the following list of parameters
i. the Wilson coefficients C;E), Cg(é) and Cl(g) and, optionally, the
(o)

right-handed counterparts C; 10» where ¢ = e, u denotes the

lepton flavourf]

2

ii. the CKM Wolfenstein parameters {tx,(nCKM)} ={\NAPp,7};
iii. the form factor parameters {(xl(F)} for form factors F =
V,Ao,..2 T, 3

iv. the non-local hadronic parameters (real and imaginary parts)

{al(f)} for each polarisation A =_L, ||, 0 and order of the analytical
expansion zk:

where the parameters of interest are the Wilson coefficients and all
the remaining ones are treated as nuisance parameters.

In the following, several sensitivity studies are performed to in-
vestigate the sensitivity to New Physics in B — K*/* ¢~ decays.
Ensembles of 1000 pseudoexperiments are generated based on the
signal pdf of Eq. |42, where the values of the nuisance parameters are
set as in the state-of-the-art literature]

i {ocEf KM }, as obtained from a tree-level analysis of the unitarity

triangle [99];

ii. {(xl(F)}, as determined from a combined fit to Light-Cone Sum
Rules and lattice QCD results in Ref. [100];

iii. {a,EA)}, as in Ref. [59]], with oc,((/\) = 0 for k > 2, unless stated

otherwise.

Note that the evaluation of the non-local contributions proposed in
Ref. [59] consists of a genuine Standard Model prediction since it does
not make use of any information from B® — K*u*u~ decays but
rather theoretical calculations at g% < 0, where the current approaches
for the large recoil region based on QCD-factorisation are reliable, and
experimental data of B® — K*°J/¢(1S) and B? — K*%¢(2S) decays,
which are independent on hypothetical New Physics in semilep-
tonic operators. However, these predictions are affected by a non-
quantifiable model dependence due to the truncation of the polyno-
mial expansion at the order K = 2 assumed in Ref. [59].

Within the Standard Model, Lepton Flavour Universality presupposes C i(e) =C i(y >,

nonetheless, eventual New Physics contributions that violate LFU implies non equal
C 1.“) for the different lepton flavours.

4 Some precautions must be taken into account when generating pseudoexperiments
when external constraints are applied to some of the parameters. A detailed descrip-

tion of the correct procedure can be found in Ref. [98].
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Finally, regarding the Wilson coefficients, different scenarios are
considered, namely the Standard Model setup and two New Physics
benchmark points (BMP),

i. SM - the Wilson coefficients are set to their SM values, namely
C5M =427, C{M = —4.17 and C3M = —0.34 [101]

ii. BMP¢, - NP is inserted only in C9(y ), with a shift of Cé\IP =-1;

iii. BMP¢,,, - NP is inserted in both Cg(,” ) and Cl(g ), with a simultaneous
shift of C¥ = —CRF' = —0.7;

where for the two NP hypotheses, New Physics is inserted only in
the muon channel, i.e. Cl.(e) = CiSM. These two modified scenarios are
favoured by several global fit analyses with similar significance [93-95].

An extended unbinned maximum likelihood fit [102] is then per-
formed to these simulated samples, where the notation H,[zX] refers
to fits performed with non-local hadronic functions truncated at the
order zK. In general, in the case that prior knowledge on the true
value of one or more fit parameters is available, this information can
be incorporated into the fit procedure by multiplying the total like-
lihood by a (multi-)Gaussian function based on their central values,
uncertainties and, eventually, correlation matrices. These Gaussian
constraints are applied to {aSnCKM) } {ocl(F)} and, optionallyﬁ {a,EA)},
based on the above-mentioned referencesl/] The total likelihood reads

as
£tot = ﬁpdf X ﬁg X ﬁB, (43)
where L,;r =[] Lp45 are unbinned likelihoods of N; pseudoevents
xn,i ~ pdﬁ/
N;
Lpag, = [ [pdfiCxni), (44)

n

where the subscript i refers to the different g> regions and/or lepton
decay channels, while £ includes the Gaussian constraints on the
nuisance parameters and L3 = [] Lp, incorporates Poissonian terms
that take into account the integrated branching ratios of the decay
in the kinematic regions of interest. These terms take into account
the observed signal rate in the given regions of interest and provide
complementary information with respect to the normalised four-
dimensional pdfs of Eq. |42|and are expressed by

L, = (ngig,)N x e i (45)

5 These values correspond to a fixed renormalisation scale of y = 4.2GeV/c2.

6 Unless stated otherwise, the nominal configuration of the fit has no constraints on
the non-local hadronic parameters {le(c/\) }.

7 In order to guarantee a good agreement between Light-Cone Sum Rules [62,(63]

and Lattice results [60,/61]], uncertainties on the form factors parameters {oc[(F) } are
doubled with respect to Ref. [100].
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where the number of signal candidates is directly related to the branch-
ing ratio of the rare mode in a given kinematic region and is expressed
as function of the nuisance parameters and Wilson coefficients
T dr

g, & Beoui = 3, Lo 5290 (46)
For the purpose of sensitivity studies, this is assumed to be per-
fectly known, while, in the case of a measurement, experimental
uncertainties when extracting the branching ratio must be consid-
ered. A detailed discussion of all the experimental effects that can
affect the amplitude fit to B® — K*%u"pu~ decays is ignored at this
stage and is postponed to chapter |71 This includes the uncertainty
on the above-mentioned branching ratio measurement, detector ac-
ceptance/efficiency, background and S-wave contaminations, while
a preliminary study of the finite 4> resolution in B® — K*%¢Te™~ de-
cays is discussed in these sensitivity studies, due to its major role in
measurements involving electrons in the final state.

The stability of the model and the convergence to the global mini-
mum is enforced by repeating the fit with randomised starting param-
eter values; the solution with smallest negative log-likelihood is taken
as the default. In the following, all the quoted uncertainty intervals
for the various parameters are determined in a frequentist way and
correspond to 68% confidence level intervals from profile likelihoods.

In conclusion, this framework parametrises the dynamics of BY —
K*¢*¢~ in terms of an amplitude fit that includes angular informa-
tion, branching ratio measurements, as well as the state-of-the-art
knowledge on the nuisance parameters. In addition, due to its un-
binned nature, this approach is expected to overcome the sensitivity
of previous methods, as will be shown in Sec.

3.2 DIAGNOSING NEw PHYSICS IN B —K*u*u~ prcavs

This section investigates the prospects to disentangle problematic
non-local hadronic effects described in Sec. from possible NP
contribution in B — K*%u* = decays. Despite the fact that both the
Wilson coefficients C9 and Cjp can be significantly modified by the
presence of New Physics, Cyg is expected to be insensitive to the lack
of knowledge on the non-local contributions [103], by virtue of the
axial structure of 094, which does not mix with any of the four-quark
operators of EqJ22]

Therefore, primary attention is directed to the Wilson coefficient
Co, i.e. the default configuration of the amplitude fit presented in this
section assumes Cyg to be fixed to its Standard Model value. Finally,
Cy is always fixed to its SM value since it is strongly constrained by
radiative decays and is unaffected by the most common NP models.
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Figure 11: Fit results for the Wilson coefficient Cg for the expected statistics at
the LHCb Run-IL. Fits are performed with (left) , [z%] and (right)
H A [Z3].

In the following, B — K*u*u~ decays are investigated in two
kinematic regions Qg” 2)(,[ and ng e)xt as defined in Eq.

3.2.1  On the truncation of the H,(z) series

One of the main intents of this study is to inquire the model de-
pendence introduced by the truncation of the polynomial expansion
H(z). This is explored by generating ensembles of pseudoexperi-
ments corresponding to the BMP¢, scenario and the expected LHCb
Run-II statistics and fitting the simulated samples with #,[z?] and
H,[z3]. Figure [11shows the fit results obtained for Cy for the two dif-
ferent model assumptions. The uncertainty on C9 more than triplicate
between fits with #,[z?] and H,[z%]. Hence, the model-dependence
of the fit is large in the absence of any theory constraints on the
parameters {oc]((A)}.

In conclusion, a model-independent measurement can not be
achieved purely analysing experimental data of semileptonic BY —
K*%uTu~ decays, but requires additional information on the non-
local hadronic functions. To overcome this problem, a novel combined
theory-experimental analysis is pursued by extending the amplitude fit
to include all the available (theoretical and experimental) information
on the process.

3.2.2 A novel theory-experimental approach

This new combined approach merges the SM predictions of the non-
local hadronic contributions of Ref. [59] and the amplitude fit to
BY — K*%u"u~ decays into a single-step analysis. The previously
described framework is then modified to include

i. theoretical predictions at negative q2 for the ratios H,/F,,
the values calculated in Ref. [59] for four points at ¢*> €
[—1, -3, -5, —7] GeV?/c* are reported in Table
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Table 2: Mean values y; (in units of 107#), and standard deviations o; (in
units of 107%) of the theory constraints at negative 42 (in units of

GeV?/c%). Values are taken from Ref. [59].

RC’[HL}/]‘—L ’RE[HH}/]‘—H RC[H(]]/]‘—O
| -70 -50 -30 -10| -70 -50 -30 -1.0 -70 =50 =30 -1.0

6.656 4.878 4.076 3.750 | 6.033 4.384 3.728 3.586 | —1.997 1.596 1.818 0.768
o | 2553 1.048 0.621 0.561 | 2.446 0.971 0575 0.538 4.077 1368 0.472 0.125

| -70 -50 -30 -10| -70 -50 -30 -1.0 -70 =50 =30 -10
1.581 1.294 1291 1.380 | 1.517 1.246 1.257 1.366 6.328 1.970 0.583 0.136

o | 0835 0.610 0.565 0.585 |0.803 0.590 0.553 0.581 7411 2107 0.528 0.082

Table 3: Pseudo-observables from B’ — K*¢, decays as obtained in

Ref. [59].
Pseudo-observable J/¥(1S) P(2S)
7, | (2.027 4+ 0.190) - 103 (1.06 £0.21) - 103
I (1.713 4+ 0.260) - 1073 (0.98 £0.18) - 1073
70| (2.303 4 0.357) - 1073 (1.40 +0.36) - 1073
arg{r, rs} +2.926 4 0.032 +2.799 + 0.314
arg{r|r5} —2.944 4 0.036 —2.815 4 0.403

ii. experimental measurements of the hadronic decays B® —
K*0J/¥(1S) and B® — K*(2S). For each of these decays, a
set of five pseudo-observables can be obtained from the corre-
sponding amplitudes, these consist of three magnitudes and two
relative phases, namely

P () (e8], arg (et Y, arg Y, a)
where o
P _ Halg
r;" = Res —/——=<. 8
A qz_)Min Jr/\<qQ) (4 )

Constraints on these pseudo-observables are obtained in Ref. [59]
from branching ratio measurements and angular analyses by
Babar [104}|105]], Belle [106-H108] and LHCb [109] and are sum-
marised in Table 3

iii. The unbinned amplitude fit to B — K*®u "~ decays described
in the previous section.

The conditions [i.] and [ii.] are included in the fit as multivariate
Gaussian constraints on the relevant pseudo-observables.

To ensure the consistency of the model, these additional constraints
are tuned accordingly to the values of the non-local hadronic func-
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Table 4: Expected central value and uncertainties for the Co Wilson coefficient
obtained from fits with 7, 2, ..., z°] for the BMP, scenario.

LHCb Run-II LHCb Upgrade [50 fb~!]
CNP mean CNP sigma CNP mean CNP sigma
Ha[z?] —0.965 & 0.004 0.120 £+ 0.003 —0.996 & 0.002 0.060 =+ 0.001
Ha[z3] —0.991 +0.007 0.220 4+ 0.005 —1.015 4+ 0.004 0.124 + 0.003
Halz'] —1.028 £0.008 0.235 4 0.005 —1.012 4+ 0.005 0.141 + 0.003
rH)\[ZS} —0.945 £+ 0.010 0.294 4+ 0.007 —0.977 £+ 0.005 0.162 % 0.004

tions assumed in the production of the ensembles. The corresponding
central values are shifted to match the predictions of each pseudo-
observables given a certain set of parameters {a,({)‘) }, while their un-
certainties are scaled to keep the relative error constant.

Within this setup, the study on the model-bias introduced by the
truncation of the series is repeated. Table |4 reports the obtained sensi-
tivity to CO'' for fits with H,[z2, ..., z°] for datasets corresponding to
the LHCb Run-II and LHCb Upgrade expected statistics. From these
results the following conclusions can be inferred

i. the uncertainty on C)' roughly doubles moving from fits with
H[z%] to H, (23], for both statistics under consideration;

ii. for the dataset corresponding to the expected statistics at the
LHCb Upgrade, the uncertainty on CgIP only slightly increases
for orders higher than H, [z%];

iii. for the dataset corresponding to the expected statistics at the
LHCb Run-II the saturation of the uncertainty is confined to the
orders H,[z%] and H, [z%]. In fact, for fits with H[z°] the uncer-
tainty starts to increase again, pointing to a statistical limitation.

The observed distributions of the non-local hadronic functions
Ha(g?)/ Fa(q?) for different orders in H, [z¥] are shown in Fig. |12} cor-
responding to the statistics expected at the LHCb Upgrade. In all cases,
the uncertainty drastically increases for higher orders in the 1(25)
window. However, in the regions of interest of B — K*0u*u~ de-
cays, Q§” gxt and Qy [e)xt, the uncertainty of the real part of the hadronic
functions reflects the behaviour observed for C)'F, i.e. the uncertainty
mildly increases for orders higher than #,[z3].

3.2.2.1 Residual model dependence

This section investigates in details several aspects of the problematics
concerning the truncation of the expansion of the non-local hadronic
functions 1) (z). The studies presented so far assumed a fixed set

of values for the parameters {ocl({)gz} based on Ref. [59], while in the
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Figure 12: Results of the fits for the ratio H,(z)/F)(z) obtained with dif-
ferent orders of the expansion H,, [z] for the BMP¢,scenario and
the expected statistics at LHCb Upgrade. The vertical bands cor-
respond to the J/¢(1S) and ¢(2S) regions and the points to the
theoretical inputs at negative g%. The top right box of each plot
zooms in the g% range between 1.1 and 9.0 GeV?/c%.

following different possible choices for the hadronic parameters -
including higher order of the expansion - are considered. Since a-priori
there is no physics argument to assume which is the correct order
to describe Nature, this is a crucial aspect in the determination of
the model dependence of the proposed approach. In particular, the
cases with non-zero coefficients for order of the expansion up to z°
(ie. ocl@1 = 0) and z* (i.e. zxf;\)S = 0), labelled as H {a3} and H{as}
respectively, are examined.

The choice of the above-mentioned non-zero coefficients is based on
the following criteria
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i. compatibility with the theory predictions at negative 4> and the
pseudo-observables from the hadronic decays;

ii. attenuation of the tension with the P. anomaly, i.e. hadronic
effects mimic the behaviour of NP.

The hadronic functions obtained from the resulting set of parameters
are displayed in Fig. while the corresponding values of the P;
angular observable within the SM and BMP¢,scenarios are shown in
Fig.[14l It is interesting to note that the predicted values of the non-local
hadronic contributions of Ref. [59] shift the value of the P, observable
downward, increasing the tension of the LHCb measurement with the
SM hypothesis. However, the values obtained when allowing higher
order of the expansion can produce the opposite effect and represent
equally valid solutions. This fact emphasises once more the paramount
importance of a complete understanding of the order of the series
to be curtailed at to unambiguously discriminate between non-local
hadronic effects and New Physics contribution.

A series of simulated ensembles produced with either H,{as} or
Ha{ay} is fitted under different model assumptions, H, [z, ..., z°].
Table 5| shows the fit results for the #,{a3} configuration, similar
results are obtained for the study of 7{){a4}. From these, the following
conclusions can be deduced

i. fitting with H,[z?] (i.e. with a lower order than what is used for
the production of the ensembles) introduces a strong bias in the
estimator for Co;

ii. when the order of the truncation in the fitting procedure reaches
the one used for the production of the ensembles, the estimator
for Cg is approximately unbiased (the extent of the validity of
this statement is discussed below);

iii. the uncertainty on Cy varying the order of the fit follows the
pattern observed in section[3.2.2 i.e. it strongly increases between
H,[z?] and H,[z%] and smoothly grows for higher orders;

iv. the determination of the a-priori unknown description of non-
local hadronic effects in Nature can be investigated by scanning
the order of the truncation of the series until the central value of
Cq stabilises.

It is worth to further elaborate on the sensitivity of Cy for the
expected LHCb Run-II statistics. Figure [15|displays the central value
and the statistical uncertainty of the estimator of Cy, as obtained
from fits with different orders H,[z?, ..., z°] performed on ensembles
simulated with distinct conditions, Hj{a3}, Hi{as} as well as the
default configuration, namely 7 {a2}. A bias in the estimation of Cg
is noticeable, nevertheless the entity of such effect is mitigated for
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Figure 13: H,(z)/Fa(z) corresponding to the set of parameter {oc,(()\)} used
for the production of the ensembles in the different hypotheses
as described in the text. The vertical bands correspond to the
J/¥(1S) and ¢(2S) regions and the points to the theoretical inputs
at negative g-.

the expected statistics of the LHCb Upgrade. The study presented
in appendix proves the statistical origin of this phenomenon
analysing the results of the estimator of Cy as function of the number
of events. However, the observed bias presents a non-trivial pattern as
function of the increasing order of the #,(z) expansion in the fit and,
therefore, requires to be accounted in any experimental measurements.

3.2.3  Simultaneous fit to Cg and Cyy

In the previous sections the attention was entirely pointed to establish
whether is possible to disentangle non-local hadronic effects from New
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Figure 14: Projections on the P, angular observable of the different hypothe-
ses for the non-local hadronic effects in the (left) SM and (right)
BMP¢, scenario. The results of the LHCb Run-I analysis [79] are
overlaid as reference.

Table 5: Expected central value and uncertainties for the C9 Wilson coefficient
obtained from fits with ,[z2, ..., z%] for the BMP¢,scenario when
produced with H){a3} as described in the text.

LHCb Run-II LHCb Upgrade
C)P mean C)P sigma CNP mean CNP sigma
Haz?] —1.708 £ 0.004 0.134 +0.003 —1.722 £ 0.002 0.057 & 0.002
Ha[z}] —1.001 £ 0.006 0.200 + 0.005 —1.017 £ 0.003 0.107 + 0.002

al
2]

Halz%] —1.0454+0.007 0.212 £0.005 —1.013 +0.004 0.122 + 0.003
[z°] —0.950 £ 0.009 0.267 + 0.006 —0.983 &+ 0.005 0.146 + 0.003

Physics contribution in C9. However, some of the most popular beyond
the SM scenarios indicate that NP can simultaneously affect C9 and
C10 [48/49]. Furthermore, the determination of Cyg is commonly known
to be unaffected by the limited knowledge on the non-local hadronic
contributions [103]. As a consequence, possible measurements of Cqg
can be even more appealing for the unambiguous claim of physics
beyond the SM.

A direct measurement of Cjy from experimental data can be in-
vestigated by floating simultaneously the Wilson coefficients Cg and
Cyo in the amplitude fit to B — K*%u*u~ decays. Figure |16 shows
the obtained sensitivity to the parameter space Cq vs Cyg for fits with
H,[22, ..., 2°] assuming the BMP¢,scenario and for datasets correspond-
ing to the LHCb Run-II and LHCb Upgrade expected statistics. The
single projections are also reported in Tables[f| Several conclusion can
be driven by these results

i. the uncertainty on Cy varying the order of the fit follows the
pattern observed in section
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Figure 15: Results for the determination of Cg from the fit for the (left) LHCb
Run-II and (right) LHCb Upgrade expected statistics. The ex-
pected central value and statistical uncertainties are shown for fits
with H, [z?, ..., 2°] (the four horizontal points of the graph) for the
BMP,scenario when produced with H,{a,, a3, as} (in different
colours).

ii. due to the correlation between Cy and Cjy the uncertainty on
Cy alone is larger compared to the case of section with Cqp
fixed in the fit;

iii. a precise determination of Cjg is limited by the uncertainties
on the form factors, which already saturates with the statistics
expected to be collected after LHCb Run—II This conclusion
is deduced from the approximately unmodified uncertainties
between the LHCb Run-II and LHCb Upgrade expected datasets.
In addition, an intrinsic bias is observed (even in the case of
large datasets) for higher order of the fit, which, analogously
to the determination of Cy, must be considered in experimental
measurements.

Figure[17]shows the obtained sensitivity to the parameter space Cg vs
C1o the two considered NP scenarios BMP¢,and BMP¢, . For simplicity,
only results obtained from fits with H, [z%] are displayed. The expected
sensitivity on Cyp is found to be of great interest, already for the
statistics expected at LHCb Run-II, leading to possible observation of
New Physics from models with strong contribution to Ojpa [48}49].
In addition, the large dataset expected to be collected during the
LHCb Upgrade will allow a deeper understanding of the nature of
New Physics, by discriminating hypothetical purely vectorial from a
vector-axial structures.

The precision on the determination of C1g can be substantially improved by including
constraints from Bs — ut i~ decays, however the inclusion of this additional channel,
despite intriguing, goes beyond the scope of these studies.
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Figure 16: Two-dimensional sensitivity scans for the pair of Wilson coeffi-
cients Cg9 and Cyg for different non-local hadronic parametrisation
models H,[z?, ..., z°]. The contours correspond to 3¢ statistical-
only uncertainty bands evaluated with the expected statistics after
LHCb Run-II (Ieft) and LHCb Upgrade (right).

Table 6: Fit results for the pair of Wilson coefficients Cy and Cpg obtained from
fits with H,[z2, ..., z°] for the BMP(,scenario with the corresponding
statistics expected at the LHCb Run-II and LHCb Upgrade.

C)F mean C)P sigma CNP mean CNP sigma ngl?_l ez"c{i\(]()})n
LHCb Run-1I
Ha[z2] —0.982 £0.008 0.164 + 0.006 0.032 & 0.010 0.204 & 0.007 —0.68 + 0.03
Ha[z3] —1.029 £0.012 0.244 £ 0.009 0.060 & 0.010 0.207 & 0.007 —0.47 £ 0.04
Ha[z4] —1.053 +£0.013 0.253 £0.009 0.051 +0.011 0.223 & 0.008 —0.43 + 0.04
Ha[z°] —0.983 £0.017 0312 +0.012 0.091 & 0.013 0.254 & 0.009 —0.40 £ 0.04
LHCb Upgrade
H[z?] —1.005 £ 0.007 0.132 £ 0.005 0.014 &+ 0.008 0.171 & 0.006 —0.89 £ 0.01
Ha[z}] —1.057 £0.010 0.193 £ 0.007 0.044 & 0.009 0.188 &= 0.007 —0.79 = 0.02
HalzY] —1.041 £0.011 0.220 £ 0.008 0.037 & 0.010 0.202 & 0.007 —0.78 = 0.02
Halz%] —1.021 £0.011 0.228 £ 0.008 0.051 & 0.010 0.207 & 0.007 —0.73 + 0.02

3.2.4 Unbinned determination of angular observables

One of the benefits of the proposed approach is that it takes advan-
tage of the full unbinned description of the decay, which enables the
reproducibility of the commonly used angular observables defined in
Eq.[33]and

In order to examine the statistical uncertainty expected for the angu-
lar observables, the results of the fits conduced with H,[z?, ..., z°] are
analysed. The projections of the fit results on the angular observables
are found to be independent on the truncation of the series expansion.
This guarantees that the confidence intervals obtained for the angular
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Figure 17: Two-dimensional sensitivity scans for the pair of Wilson co-
efficients Cg and Cy9 for the two considered NP scenarios
(red) BMP¢,and (green) BMP¢, .. The contours correspond to 3¢

statistical-only uncertainty bands obtained with H,[z®] fits for
the (dotted) LHCb Run-II and (solid) LHCb Upgrade expected
statistics.

observables are free from systematic uncertainties on the non-local
hadronic parametrisation.

It is interesting to compare the statistical uncertainty on the angular
observables obtained by the unbinned amplitude fit with respect to the
classic binned approach. A g% binned angular fit, built on the signal
pdf defined in Eq. 35| is performed on the same ensembles generated
above, splitting in 1 GeV?/c* 42 bins. Figure [18 shows the result of the
angular observables obtained by the unbinned amplitude fit compared
to a binned angular analysis.

The derivation of the angular observables from the amplitude fit
represents a result of extreme interest that, thanks to its independence
on the non-local hadronic parametrisation, can play an important role
in the validation of the fit results.

3.2.5 Unbinned vs binned sensitivity to New Physics

Despite the obvious improvement in the uncertainty on the the angular
observables, it should be emphasised that the total gain in sensitivity
to New Physics cannot be directly read from Fig. 18} since the points
of the binned likelihood fit are all uncorrelated. To fully access the
comparison of the two approaches, a binned fit to the angular observ-
ables with the same physics model should be performed. Figure
shows the comparison in the determination of the Wilson coefficients
Co and Cjy between the unbinned amplitude fit and the binned fit to
the angular observables for the H,[z?] and #,) [z®] non-local hadronic
parametrisations. Both approaches are applied to the same ensembles
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Figure 18: Optimised angular observables obtained from the unbinned am-
plitude fit compared to the binned angular analysis. Both ap-
proaches analyse the same set of ensembles generated with the
BMP¢,scenario and the expected statistics at LHCb Run-1I.

of pseudoexperiments produced with the BMP¢ scenario and the ex-
pected statistics at LHCb Run-II. For the binned fit, a x> minimisation
is performed using the binned angular observables and their correla-
tions as input, together with the theoretical constraints of Sec. 3.1/and
The large difference in sensitivity between the two methods can
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Figure 19: Two-dimensional sensitivity scans for the pair of Wilson coeffi-
cients Cg9 and Cjg as obtained from the unbinned amplitude fit and
from fits to the full set of angular observables for (left) H, [z?] and
(right) H,[z3] non-local hadronic parametrisation models. The
contours correspond to 1, 2, 3¢ statistical uncertainty evaluated
with the expected statistics at LHCb Run-II for the BMP¢,scenario.

be quantified in 5.9 (8.1) ¢ and 3.1 (4.2) ¢ for the binned (unbinned)
and for the H,[z%] and H,[z®] non-local hadronic models, respectively.

This result strongly illustrates the advantage of the proposed am-
plitude fit with respect to the conventional binned approach.

3.3 LEPTON FLAVOUR UNIVERSALITY TEST IN BY —K*0/+/~

The second part of this chapter aims to extend the proposed framework
to perform a simultaneous amplitude fit to B — K*%u*u~ and B® —
K*%*e~ decays as a test of Lepton Flavour Universality. Currently,
published LFU tests consist of measurements of the ratios Ry, that
simply take into account the number of events observed in the two
channels, and differences in the binned angular observables of BY —
K*0¢* ¢~ decays, in particular AP; and AP. published by Belle [80].
Performing a simultaneous amplitude fit to the full differential decay
rate benefits from the full description of the decay and combines
the discovery potential of the standalone ratio Rx+ and the flavour-
dependent angular analysis. Therefore, the proposed approach is
expected to enhance the sensitivity of previous LFU measurements,
while preserving the beneficial property of a clean measurement free
from most of the theoretical and experimental uncertainties.

3.3.1 Simultaneous amplitude fit

The B — K*%¢*e~ decay mode is included in the amplitude fit by
introducing an additional pdf(®) based on the formalism presented in
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section The key feature of this strategy is to realise that all local
(form-factor) and non-local (charm-loop) hadronic matrix elements
are known to be lepton-flavour universal and intervene identically
in the two channels. Therefore, these are shared in the fit between
both semileptonic decays resulting in the convenient cancellation of all
the hadronic uncertainties, similarly to the case of the ratio measure-
ments Rx. This approach benefits from the large statistics available for
B® — K*%uTu~ decays that is sufficient to enable the determination
of these multi-space parameters. Note that an amplitude analysis of
the electron mode only has been previously disregarded in terms
of current probe, given the limited dataset in either LHCb or Belle
experiments. In this common framework, the hadronic contributions
are treated as nuisance parameters, while only the Wilson coefficients

C9(” *) and Cl(g’e) are kept separately for the two channels. For consis-
tency the Wilson coefficients Cy is also shared in the fit and fixed to
its Standard Model value.

Commonly to most of the LFU tests performed at hadron collid-
ers, the limiting factor for this measurements is represented by the
limited statistics of B’ — K*%¢*e™ decays, due to the lower electron
reconstruction efficiency (which includes triggering, reconstruction
and identification) compared to the muon case. In the following, the
kinematic regions Qg” ), Qé’l ) and Q) defined in Eq. 4o| are used as
domain for the simultaneous amplitude fit.

Similarly to the study of Sec. the model-(in)dependence of
the framework is investigated by modifying the non-local hadronic
parametrisation. In addition to the baseline model H,[zK] (i.e. free-
floating analytical functions truncated at different orders, independent
on any theoretical inputs) two complementary assumptions are con-
sidered

i. the Standard Model predictions of the the non-local contribu-
tions of Ref. [59] are included as a multivariate Gaussian con-

straints on {oc,(()‘)} (this assumption is limited to H,[z%]);

ii. the non-local hadronic functions are re-parametrisation as pro-
posed in Ref. [86], i.e. using instead an expansion in terms of
1+ay + by(g?/6[GeV?/ct)).

Figure [20| shows the fit results for several alternative parametrisations
of the non-local hadronic matrix elements for the BMP¢ hypothesis,
with signal yields corresponding to LHCb Run-II scenario. The sen-

sitivity to Cg(y ) i proven to be strongly dependent on the model

assumption, as seen before. For this reason, in the following - where
(ne)

no theory information is used - the usual Wilson coefficients C;
are renamed as C:W *®) since an accurate disentanglement between the
¢)

physical meaning of Ci(” "~ and the above-mentioned hadronic pollu-
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Figure 20: Two-dimensional sensitivity scans for the pair of Wilson coeffi-

cients C~9(” ) and CAge) for different non-local hadronic parametrisa-
tion models evaluated at BMP¢, and with the expected statistics
after LHCb Run-II. The contours correspond to 3 ¢ statistical-only
uncertainty bands and the dotted black line indicates the LFU
hypothesis.

tion cannot be achieved without additional external information, as
evidenced in Sec.
Nonetheless, it is noticeable that the high correlation of the Cg(y ) and

C~9(6) coefficients is sufficient to preserve the true underlying physics at
any order of the series expansion H,[zX] and without any parametric
theoretical input, i.e. the two-dimensional pull estimator with respect
to the LFU hypothesis is unbiased.

This remarkable feature leads to the definition of new parameters of
interest, i.e. the difference of Wilson coefficients between muons and
electrons

AC;=CH —c", (49)

particularly convenient in the investigation of LFU-breaking hypothe-
sis. Figure [21| demonstrates this principle with a series of signal-only
sensitivity studies with the two BMP¢,and BMP¢,  scenarios using the
proposed parameters AC;. The obtained sensitivity is found to be com-
pletely independent on the parametrisation of the non-local hadronic
contributions. The maximal expected significance with respect to the
Standard Model can be quantified as 4.6 and 5.3 ¢ for BMP¢,and BMPc,
respectively. Realistic experimental effects are necessary to determine
the exact sensitivity achievable. Nevertheless, these results suggest that
a first observation (with a single measurement) of Lepton Flavour Uni-
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Figure 21: Two-dimensional sensitivity scans for the proposed parameters
ACy and ACyp for different non-local hadronic parametrisation
models evaluated at (left) BMP¢, and (right) BMP¢, and with the
expected statistics after LHCb Run-II. The contours correspond to
3 o statistical-only uncertainty bands.

versality breaking appears to be feasible with the expected recorded
statistics by the end of LHCb Run-IIf]

One interesting characteristic of the proposed parameters AC; is that
these are not only unaffected by the non-local hadronic pollution but
also independent on form factors uncertainties. Thus, it is appealing
to examine the prospects for the upcoming LHCb Upgrade. Figure
summarises the two-dimensional statistical-only significances for the
designed LHCb Run-II and Upgrade luminosities. The unprecedented
dataset expected to be collected after the LHCb Upgrade will not
only yields insight on this phenomena but also enables a deeper and
clean understanding of the Nature of New Physics - independently
on any hadronic uncertainties. In the proposed approach, in fact, the
complete cancellation of hadronic uncertainties occurs also in presence
of New Physics. This unique characteristic is a natural consequence
of the amplitude fit, which allows direct inspection of the physical
amplitudes that, in turn, depend linearly on NP effects[™]

3.3.2 Proving the cancellation of hadronic elements

Figure 21| demonstrates the independence of the parameters AC; on
the parametrisation of the non-local hadronic contributions. However,
it is interesting to investigate to which extension this assumption is

The reader must note that the two NP scenarios considered here correspond to a
very conservative value of Rg- for the central 4> bin, Rg- ~ 0.85 (0.75) for BMP(,and
BMP¢, ,,, respectively.

Note that “classic” LFU observables (i.e. Ry, AP{ ) are quadratic in the amplitudes,
therefore, in presence of non-LFU NP, the cancellation of hadronic uncertainties is
only partial due to the contribution of mix terms Cq - H .
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Figure 22: Two-dimensional sensitivity scans for the proposed parameters
ACy and ACy for the two considered NP scenarios: (green) BMP¢,
and (red) BMP¢, - The contours correspond to 3 o statistical-only
uncertainty bands expected for the (dotted) LHCb Run-II and
(dashed) LHCb Upgrade statistics.

Table 7: Fit results for the parameters ACy and ACjy obtained from fits with
Ha[22, 23, z%] for the BMP(,scenario when produced with H, {as} as
described in the text.

LHCb Run-II

correlation
ACy - ACyg

Halz?] —1.021 £0.013 0.265 +0.009 0.020 + 0.010  0.192 + 0.007 0.51 + 0.04
Halz’] —0997 £0.014 0279 £0.010 0.004 + 0.010  0.202 £ 0.007 0.41 & 0.04
Halz'] —0.986 £0.014 0278 £0.010 —0.007 & 0.010 0.202 £ 0.007 0.45 & 0.04

AC9 mean ACy sigma ACyp mean ACyp sigma

satisfied. A stringent probe to provide further confidence in the robust-
ness of the proposed approach corresponds to the case of ensembles
produced with high orders of the non-local hadronic expansion #,(z)
and fitted with a lower “wrong” order. Table [7] shows the fit results
for the pair of parameters ACy9 and ACj for ensembles generated with
Hp{as} as described in section and fitted with different orders
of the series H, [z2, z, z*]. The obtained expected values are found to
be unbiased independently on the order of the fitted parametrisation,
confirming the cancellation of the hadronic contributions that results
in a measurement free from any theoretical uncertainties["|

11 Despite only analytical functions are considered in this study, possible non-analytical
contributions are not expected to break this mechanism.
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3.3.3 Preliminary experimental considerations

Experimental resolution and detector acceptance/efficiency effects are
not considered in this chapter, as these would require further informa-
tion from current (non-public for a phenomenology study) or planned
B-physics experiments. Nevertheless, it is important to highlight that
the finite g2 resolution is often the limiting factor for measurements
involving electrons. Thus, preliminary studies to investigate the im-
pact of g? resolution effects on the proposed method are of extreme
interest to establish the feasibility of the measurement.

A g?-constant asymmetric smearing of the di-lepton invariant mass
is assumed for the electron mode; the size and asymmetry of such
smearing are described by a double Gaussian

dG = 0.7 x G(u = —30MeV/c?, o =70MeV/c?)

(0]
03 %G = —120MeV /3, o = 150Mev/2) OO

which values are naively chosen to reproduce the mass fits of Ref. [88].
The obtained fit results are shown in Fig. [23] (left) and Table [§ Re-
markably, sizeable resolution effects typical of hadronic machines are
found not to affect the determination of ACy and ACy9, whose esti-
mators remains unbiased, even if no-correction is applied. This result
further highlights the great stability of the proposed approach, which
benefits from the large dataset available for B — K*9u 1~ decays to
determine all the nuisance parameters, while only 59(8) and 51(8) are
bound to the electron sample. This interpretation can be tested by
“inverting ” the statistics of the two channels, in which case most of
the parameters are determined by the (mis-reconstructed) electron
sample and the estimator of ACy results to be strongly biased.

As a consequence, the proposed approach can influence the design
of future experiments and upgrades, which are mostly focused on how
to improve the reconstruction and resolution for electron channels.
These studies shows that, although such development is desirable,
muon channels can still be the key target for hadronic machines.

Moreover, the default g% range Q'®) defined in Eq. 40| assumes an
improvement on the selection of B’ — K*%¢*e~ decays at LHCb. All
publications related to the electron channel so far define the central 4>
region up to 6 GeV?/ct. Figure [23| (right) shows the improvement in
the significance to the BMP¢,scenario accomplished by the extension of
the electron domain up to 7 GeV?/c?, as proven to be possible in [96].
Since the limiting factor is driven by the electron statistics, the un-
certainty on the measurement greatly benefits from this experimental
development and the enhancement in its sensitivity can be quantified
from 3.6 to 4.6 o for the BMP¢,scenario.

Finally, the differential decay width can receive additional complex
amplitudes from signal-like backgrounds, e.g. K7t S-wave from a non-
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Figure 23: Two-dimensional sensitivity scans for the proposed parameters
ACg and ACqg. The nominal fit is compared with two modified con-
figuration for the electron mode: (left) an asymmetric 4> smearing
is applied to the di-lepton invariant mass; (right) B — K*%e e~
decays are selected in a reduced ¢* range. The contours corre-
spond to 3¢ (or 1, 2, 30) statistical-only uncertainty bands for the
BMP¢,scenario with the expected statistics after LHCb Run-II

Table 8: Fit results for the parameters ACy and ACyg obtained from the fit for
the BMP(,scenario assuming perfect resolution or an asymmetric 7%

smearing.
LHCb Run-II
ACy mean ACy sigma ACyp mean ACyg sigma correlation
ACg - AC]()
2
Perfect 4° 1002 + 0.014 0267 +0.009 —0.018 + 0.012 0.236 & 0.008 0.68 + 0.03
resolution
Asymmetric 1311 4 0014 0283 & 0.010 —0.034 + 0.011 0.226 + 0.008 0.62 + 0.03

g% smearing

resonant decay and/or a scalar resonance (see detailed discussion in
chapter [7). These contributions are determined to be small [77,[79],
and, in the proposed formalism, benefit from the same description
between the muon and electron mode. Therefore, in this constrained
framework these effects are even further suppressed and can then be
neglected for the purpose of these sensitivity studies.

3.3.4 Unbinned vs binned approach

Similarly to the results obtained in section the classic angular
observables can be derived from the results of the amplitude fit. It
is interesting to compare the gain in sensitivity obtained with the
simultaneous amplitude fit with respect to the traditional binned
angular analysis, in particular in the perspective of LFU tests. Figure
shows the values obtained for the angular observable P; for the two
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channels, assuming the BMP¢ scenario and the expected statistics at
LHCb Run-II. As a comparison, the results obtained by the binned
angular analyses of the two decay modes are overlaid in the figure,
where 1 GeV?/c* and 2 GeV?/c* g2 bins have been considered for
the muon and electron channels, respectively. To compensate the low
statistics expected for the electron channel, the binned angular analysis
of B® — K*%*e™ decays assumes the folding technique described in
Ref. [78] to reduce the number of degrees of freedom of the angular
pdf, nevertheless the uncertainty associated to the electron channel is
found to be large and limits the sensitivity to New Physics of classic
angular analyses. In addition, in order to fairly compare the expected
sensitivity to NP, a fit to the Wilson coefficients based on the two
methods is performed on ensembles produced with the expected
statistics at LHCb Run-II and the BMP¢,scenario.

The results of the amplitude fit of Fig. |21] (left) is compared to a
binned fit to the angular observables, where different foldings have
been applied to the electron channel in order to separately extract

P;(e) Pé(e), Pé(e) and Pé(e), while the full set of angular observables is
employed for the muon mode. The sensitivity to the differences of
Wilson coefficients results to be extremely poor, i.e. the uncertainty on
ACy and ACy is found to be O(1), and makes impossible any claim
of New Physics in the near future purely based on the (difference) of
angular observables. Note that the binned observables AP/ are based
on separate analyses of the muon and electron decay modes and,
despite their clean SM predictions, their experimental determination
unavoidably ignores the correlations between the two channels. Op-
positely, the amplitude fit benefits from the sharing of all the nuisance
parameters and enables an accurate determination of the eventual
different physics underlying the two decays. In summary, the crucial
advantage of the proposed amplitude fit stands in the simultaneous
treatment of the muon and electron channels.

Finally, the great extent and versatility of the amplitude fit allow to
also calculate the unbinned value for the Rg- observable. Figure
shows the obtained results as function of g2 for the different considered
scenarios. Notice that, due to the presence of light resonances, the
present description of the amplitude fit does not allow to examine
the low-g2 region, where the classic binned analysis remains the only
current possible approach.

3.4 CONCLUSIONS

This chapter described a novel approach to investigate the New
Physics discovery potential of B — K*/*/~ decays. It consists of
an unbinned amplitude fit that allows a direct determination of the
Wilson coefficients from data, combining all the available information
in the decay, from angular analysis to branching ratio measurements.
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F; and Pé angular observables obtained for the muon and electron
channel from the unbinned amplitude fit compared to binned
angular analyses separately of the two decay modes. Both ap-
proaches analyse the same set of ensembles generated with the
BMP¢,scenario and the expected statistics at LHCb Run-II.
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Values of Ry obtained from the unbinned amplitude fit for the
SM and the two NP scenarios BMP¢,and BMch/wand for the ex-
pected statistics after the LHCb Run-II. The results are shown in
the 42 region given by Q(¢) = [1.1, 7.0] GeV?/c* and are extrapo-
lated for illustration to the low-g? region and the kinematic regions
Qg” ) and ng ). The Run-I LHCb measurement [88] is overlaid as a
reference.

The proposed method is firstly employed to analyse B® — K*0u+u~
decays alone, where large effort is dedicated to the determination of
the model-dependence introduced by the truncation of the analytical
expansion of the non-local hadronic matrix elements. The state-of-the-
art knowledge on these non-local hadronic contributions (charm-loop),
as well as on the local matrix elements (form factors) and CKM pa-
rameters is included in the framework creating a propitious combined
theory-experimental synergy to unravel the long-standing issue that

51



52

TOWARDS A DISCOVERY OF NEW PHYSICS?

limited the confidence in the b — suy anomalies. For the first time,
a quantitative evaluation of the model-dependence associated to the
non-local hadronic contributions is accessed by studying the impact
of the order of the z-expansion on the parameters of interest. Fol-
lowing the proposed approach, an adequate estimation of systematic
uncertainties in direct measurements of Wilson coefficients can be
achieved.

Secondly, the described amplitude fit is extended to B® — K*%eTe~
decays in the perspective of Lepton Flavour Universality test. This
simultaneous approach results in a clean and model-independent
method for a precise determination of LFU-breaking differences of
Wilson coefficients, i.e. AC9 and ACjyy. This relies on a shared parametri-
sation of the local and non-local hadronic matrix elements between
the muonic and electronic channels, which in turn enables the de-
termination of the parameters of interest free from any theoretical
uncertainty. In addition, this simultaneous analysis is found to be ro-
bust against experimental effects such as mismodeling of the detector
resolution, since most parameters are effectively determined from the
muon mode. This would be an important benefit for LHCb where
the electron resolution is significantly worse than that of muons. Fig-
ure |26 illustrates the usefulness of the newly-proposed parameters
by combining the different information of the decay, from angular
analysis to branching ratio measurements. Due to the inclusiveness
of the approach, the expected sensitivity surpasses any of the pro-
jections for the foreseen measurements of e.g. Rx- or Pi alone - given
the benchmark points. Therefore, this novel formalism can be the
most immediate method to observe unambiguously New Physics in
BY — K*0¢* ¢~ decays.

Finally, a promising feature of this framework is the possibility
to extend this analysis to include other decay channels involving
flavour changing neutral currents. For instance, the charged decay
Bt — K*"{*¢~ undergoes the same physics and is easily accessi-
ble at the B factories, while other rare semi-leptonic decays such as
Bt — KT¢+t¢~ and A, — A¥(*¢~ have different phenomenologies
but access the same New Physics information in terms of Wilson coef-
ficients description. Thus, an unbinned global simultaneous fit to all
data involving b — sf{ transitions is a natural and appealing extension
of this work. Moreover, the parameter space of the investigated Wilson
coefficients can be broadened to incorporate direct determination of
the right-handed C{ , as described in appendix and hypothetical
non-trivial imaginary part Zm C;, which can be accessed by exploit-
ing the CP asymmetries between B — K*/*¢~ and B — K*0/*¢~
decays.
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Figure 26: Sensitivity to BMP¢, ,, scenario for the expected statistics after the
LHCb Run-II. The relative contribution (1, 2, 3 o contours) of each
step of the analysis is shown in different colours, together with
the result of full amplitude method proposed in this chapter.



“Beim Menschen ist es wie beim
Velo. Nur wenn er faehrt, kann
er bequem die Balance halten.”

— Albert Einstein, Letter to his son Eduard, February 5, 1930

LHC AND THE LHCb DETECTOR

From a theoretical point of view, decays of elementary particles are
very well defined phenomena that can be described by their interac-
tions at all the stages of the process. In particle physics experiments,
particle decays can only be accessed through the reconstruction of the
final state products. In general, the detection these particles is based
on their interaction with matter, which can be different for charged or
neutral particles and dependent on the energy domain. These princi-
ples rule the geometry and materials used to build particle detectors,
optimised for the reconstruction of momentum, mass/energy and
trajectory of the final state particles.

This chapter gives a brief review of the LHC accelerator complex
and the LHCb experiment, with a more detailed description of the
performance of the TT silicon detectors.

4.1 THE LARGE HADRON COLLIDER

The Large Hadron Collider (LHC) is a particle accelerator and collider
located at the Conseil Européenne pour la Recherche Nucléaire (CERN).
The LHC is placed in a 27 Km long tunnel, approximately 100 meters
under the ground, that hosted the former Large Electron Positron
Collider (LEP). Other accelerators that had been originally built at
CERN for previous experiments work as an injection chain for the
LHC, as shown in Fig. The proton beam starts from LINAC,
a small linear accelerator, where its energy firstly reaches 50 MeV.
Afterwards, the beam passes through a booster, where is split in
four bunches, the Proton Synchrotron (PS), where is accelerated up to
25 GeV, and the Super Proton Synchrotron (SPS) up to 450 GeV. Finally,
proton beams are injected in the LHC ring, where they circulate in
opposite trajectories. Proton beams are bent around the circumference
of the LHC using a total number of about 9300 superconducting
dipole magnets, operating at a temperature of 1.9 K and producing
a magnetic field of 8.3 T, while the accelerating power is given by
radiofrequency cavities working at 400.79 MHz. The energy gain
per revolution is 485 keV, in spite of the 7 keV loss per turn due to
synchrotron radiation.
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Figure 27: Schematic view of the accelerator complex at CERN .

The expected rate of a process produced during the collisions is
given by the product of its cross section and the instantaneous lumi-
nosity. The latter can be expressed as

_ faNgmy

= drep 5

where N, and 1, are respectively the number of particles per bunch
and bunches per beam, f the revolution frequency, -y the relativistic
factor, €, the normalised transverse beam emittance, f* quantifies
the amount of focusing of the beam and F is a geometrical reduction
factor due to the beams crossing angle.

The high luminosity of the LHC, designed to reach up to an instan-
taneous luminosity of 10%cm~2s7!, is obtained with a high frequency
bunch crossing, a high density of protons per bunch and a focusing
system that reduces the transverse dimension of the beam at the in-
teraction points. Each proton beam at full intensity consists of 2808
bunches, and each bunch contains 1.15 x 10!! protons.

During the Run-I of the LHC program, proton bunches were collid-
ing at a proton-proton collision energy of /s = 7 and 8 TeV spaced by
50 ns, while during the ongoing Run-II the energy has been increased
to 13 TeV and the collision rate has been doubled.

The proton beams interact in four points of the LHC ring, where
the main experiments are located: ATLAS [111], CMS [112], LHCb
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LHCb MC
(s =8 TeV

Figure 28: The correlation of the bb pair angle is shown in terms of pseudo-
rapidity (left) and polar angle (right) together with a comparison
between the LHCb [1] and ATLAS/CMS acceptances [111)[112].

and ALICE [113]. ATLAS and CMS are general purpose detectors,
ideally suited for direct searches for New Physics, while LHCb is
designed to investigate heavy flavour physics phenomena and ALICE
focuses on the study of quark-gluon plasma processes through heavy
ion collisions.

4.2 THE LHCb EXPERIMENT

The LHC is an enormous source of b hadrons, including BT, B, Bg,
B mesons and b baryons (e.g. Ag and Eg). At 7 TeV centre-of-mass
energy the bb cross section is found to be [114]

o(pp — bbX) = (284 420 4 49) ub, (52)

and is expected to increase approximately linearly by raising the
energy from 7 TeV to 13 TeV , resulting in roughly 10° bb pairs
produced every second.

Quark-antiquark pairs are produced in the collisions by interactions
between the constituents of the protons; these partons typically have
asymmetric momenta and, since the mass of the bb is small compared
to the energy of the collision, are strongly boosted in the forward (or
backward) direction, resulting in the angular distributions shown in
Fig.

Furthermore, b hadrons have a relatively long lifetime, between 0.4
(Bf) and 1.6 ps (B™) [116]. This results, combined with the relativistic
boost, in an average flight distance of few millimetres in the detector.
Thus, the identification of secondary vertices (SV) at short distance
from the interaction point is of primary importance to distinguish
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Figure 29: Schematic view of the LHCb detector . The coordinate system
is defined with the z-axis along the beam and the y-axis along the
vertical.

b-hadron decays from charged particles originated directly from the
pp collision.

The design of the LHCb detector [1] is optimised for precise mea-
surements in the heavy quark sector. It consists of a single-arm forward
dipole spectrometer with a forward angular coverage from 15 mrad
to 300 (250) mrad in the bending (non-bending) plane, corresponding
to a pseudorapidityf]] range of 1.8 < 7 < 4.9. A schematic view of
the LHCb detector is shown in Fig. [2g9| with highlighted the different
sub-detectors.

In order to guarantee the optimal detector performance, the
instantaneous luminosity provided by LHC is levelled down to
2 x 10%2 cm~2s~!. This solution is adopted to reduce the pile-up (i.e.
the number of pp collisions in a single bunch crossing) and the particle
occupancy in the detector (extremely severe in the forward region)
and is obtained by a misalignment of the two colliding proton beams
at the interaction point at LHCb. In addition, the LHCb luminosity
control ensures constant operations at the detector’s optimal instan-
taneous luminosity, in order to stabilise the data taking conditions
and maximising the recorded integrated luminosity. This procedure is
often referred to as luminosity levelling.

Pseudorapidity is defined as # = —In(tan6/2), where 6 is the polar angle with
respect to the beam axis.
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In general, the LHCb operation system can be described by three
components: tracking, particle identification (PID) and trigger systems,
which are discussed in the following.

4.2.1  Tracking system

The trajectories of charged particles are reconstructed using informa-
tion from different sub-detectors dedicated to the tracking: the Vertex
Locator (VELO), the Tracker Turicensis (TT) and the Inner and Outer
Tracker (IT and OT). Between the TT and the subsequent tracking
stations is placed a dipole magnet with an integrated bending power
of 4 Tm. The presence of the magnetic field allows, from the curva-
ture of reconstructed tracks, the determination of the momentum of
charged particles with a resolution of ép/p ~ 0.5% for momenta up
to 200 GeV/c. The polarity of the magnet is periodically inverted to
control possible detection asymmetries.

4.2.1.1  The Vertex Locator

The VELO [117] is the closest sub-detector to the interaction point,
surrounding the beam at only 8 mm from its axis. It is composed of
two semi-circular halves that are retracted during the beam injection
and energy ramping, to avoid possible damage to the sensors due to
beam instabilities.

Each VELO half consists of 21 modules of pair of silicon microstrip
sensors that provide radial and azimuthal coordinates, by mean of
different strip directions, as shown in Fig. Both R and ¢ sensors
cover the region from r = 8.2 to r = 42 mm, while the strip pitch
increases linearly for the ¢ sensors from 38 ym at the innermost radius
to 102 ym at the outermost radius.

The VELO has the fundamental task to reconstruct primary vertices
(PVs) and b-hadrons decays vertices, essential for all the analyses in
LHCb. A PV resolution of 13 ym in the transverse plane and 71 yum
along the beam axis is achieved for vertices with 25 tracks (typi-
cal LHCb event). An impact parameter (IP) resolution better than
35 um is found for particles with transverse momentum greater than
1 GeV/c. The overall performance of the VELO is described in detail
in Ref. [117].

4.2.1.2  The Tracker Turicensis

The Tracker Turicensis (TT) [118] is the tracking station placed up-
stream of the magnet. It consists of four layers of silicon microstrip
sensors and it is designed to cope with the high track occupancy
around the beam pipe. Each layer covers a 150 cm wide and 130 cm
high area, while the orientation of the silicon strips follows a “x-u-v-x"
layout, where the x layers are aligned vertically and measure the x
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Figure 30: Schematic representation of an R-type and a ¢-type VELO sen-
sor [1].

coordinate while the u and v layers are rotated of +5° and —5° with
respect to the vertical in order to allow a coarse determination of the
y coordinate. The layout of the TT is sketched in Fig.

Each TT layer is constituted of half-modules with an overlap of
few millimeters to avoid insensitive areas in the acceptance. Each
half-module is built of seven silicon sensors, grouped in two or three
read-out sectors. The three central modules close to the beam pipe
have three sectors containing one, two and four sensors from the inner
to the outer region, respectively. The other modules are organised
in three- and four-sensors sectors. The silicon sensors are 9.44 cm
long, 9.64 cm wide and 500 ym thick and carry 512 read-out strips,
corresponding to a strip pitch of 183 ym.

4.2.1.3 The Inner Tracker

The Inner Tracker (IT) [119] refers to the silicon detector placed in the
three tracking stations downstream of the magnet, covering nearly
4 m? of active area around the beam pipe (120 cm wide and 40 cm
high). Each IT station consists of four layers that follows the same
x-u-v-x layout of the TT. As shown in Fig. |32} each IT layer is made of
one (top and bottom units) or two-sensors (side units) modules. The
silicon sensors of the IT are similar to the ones of the TT but with the
slightly modified geometry of 7.6 cm of width, 11 cm of length and
384 strips with a pitch of 197 ym.

4.2.1.4 The Outer Tracker

The Outer Tracker (OT) [120] forms the outer part of the downstream
tracking stations, where the particle flux is reduced compared to the
innermost region. For this reason, a coarser granularity is tolerated
and the lower-priced drift-tube technology is used to cover the large
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Figure 31: Schematic view of the four TT layers .
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Figure 32: Schematic view of one layer of the IT .

active area of 597 cm x 485 cm. The OT naturally extends the IT
stations to fully cover the LHCb acceptance, and preserves the same
definition of the stereo angles described for the TT/IT.

The total twelve (four per station) detector layers consist of arrays
of gas straw-tubes 2.4 m long and 4.9 mm in diameter. The gas is
composed of a mixture of Ar (70%) and CO; (30%) that ensures a drift-
time across the tubes below 50 ns, corresponding to the performance
required by the tracking algorithm.

4.2.1.5 Track reconstruction

The LHCb tracking reconstruction combines information obtained
from all sub-detectors to recreate the trajectory of charged particles.
The reconstruction algorithm is based on a two-stage procedure; hits
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Figure 33: Illustration of the various LHCb track definitions.

are first associated to a single track by the pattern recognition soft-
ware [121] and subsequently re-fitted (after removing possible clones,
i.e. tracks sharing a significant subset of hits) to obtain their final
reconstructed trajectory and momentum with the corresponding un-
certainties.

Different pattern recognition algorithms exist in LHCb, depending
on the possible track types. Generally, they are initialised by searching
for straight segments connecting hits in the same sub-detector, referred
to as VELO-seed or T-seed, then the track seeds are extrapolated
to the other sub-detectors to look for the best compatibility with
other clusters. For a detailed description of the track reconstruction
algorithms see Refs. [121)[122].

Depending on their trajectory and on the parts of the detector
involved in the reconstruction, tracks are divided in several categories

(see Fig.

i. VELO tracks - formed only with hits in the VELO detector;
no momentum information is available, though an accurate
precision on the primary vertex can be achieved;

ii. Upstream tracks - formed only with hits in the VELO and in the
TT sub-detectors, these are typically low momentum particles
that are bent out of the acceptance by the magnetic field;

iii. Long tracks - crossing the entire LHCb tracking system, these
tracks provide the most precise determination of the particles’
momentum and are the most useful for physics analysis;

iv. Downstream tracks - formed only with hits in the TT and in
the T stations, these are typically due to long-living particles
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(e.g- K?) that decay outside the VELO, hence they have worse
momentum and impact parameter resolution compared to Long
tracks;

v. T tracks - reconstructed only in the T stations.

4.2.2  Performance of the Silicon Tracker

The study presented in this section is entirely original work done
during my PhD and consists of a novel approach to examine the
Tracker Turicensis detector efficiency and resolution performance in
an unbiased way. In order to avoid intrinsic bias in using reconstructed
data events, a masked tracking approach is designed as follows

i. the TT layer under study is masked, i.e. hits information are
stored but not used for the track reconstruction;

ii. track reconstruction algorithms are run on the hits collected by
the remaining three TT layers and by the other tracking stations;

iii. the expected track coordinates are extrapolated from the track
fit to the position of the masked layer;

iv. a permutation of the masked layer is executed in order to obtain
the desired unbiased track reconstruction for all the four layers
of the TT.

In order to ensure the high quality of the tracks and to reduce the
contamination from “fake” tracks, as clones or ghostsf| the following
selection is applied in Long tracks

- p > 10000 MeV/c,
- pr > 500 MeV/c,
- K /ndf < 2,

= Pghost < 0.1,

where the track x? per degrees of freedom, x2,, /ndf, quantifies the
quality of a track fit and the ghost probability, Pgpost, is obtained from
a multivariate classifier that separates ghosts from good tracks com-
bining information from different stages of the track reconstruction
and from global event properties [123].

The distance between the observed hit and the extrapolated track
position, defined as unbiased residuals, reveals information on the res-
olution and alignment of each silicon sensor. Figure [34] shows the
obtained distributions for the three years of the Run-II, grouped by
read-out configuration, i.e. one-, two-, three- and four-sensors, respec-
tively. The single hit resolution, identified as the width of the residual

2 Ghosts are tracks formed by combinations of hits that do not correspond to the
passage of particles.
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Figure 34: Residual distributions for the three years of the Run-II. Different
colours correspond to the different TT read-out configurations.

distribution, results in approximately 80 ym and it is found to be
stable during the years. Figure |35/ also shows the width of the ob-
tained residual distribution for each sector of the four layers of the TT.
An improvement of the resolution is noticeable moving towards the
outer region, due to the presence of tracks that are more inclined with
respect to the x-axis, resulting in clusters that are typically made of a
higher number of strips. Larger clusters allow a better resolution by
averaging the information on the fraction of total charge deposited on
each strip. The distribution of the cluster size, defined as the number
of strips that received a deposit of charge by the passage of the parti-
cle, is shown in Fig. 36| separately for the different read-out systems.
Sectors with one and two sensors, situated in the central region of the
detector, have a higher probability to have a single-strip cluster. Fig-
ure 36| also shows the measured signal-to-noise distributions, defined
as the ratio between the measured signal amplitude and the rms of
the noise distribution in that sector, which are found to be the highest
for the single-sensor sectors around the beam pipe.

Furthermore, a measurement of the misalignment of the detector
can be obtained from the bias of the residual distributions, defined as
the shift of the observed mean from zero. Figure [37/shows the value
of this bias obtained for each TT sector. The precision of the alignment
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Note that the masked algorithm must run on raw data and is
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Figure 36: Cluster size (left) and the signal/noise (right) distributions for the
different TT read-out configurations.

procedure is given by the RMS of these distributions and is found to
be around 7 ym.

Finally, an evaluation of the efficiency of the TT can be obtained
by studying the presence of hits in a determined window around
the position of the reconstructed track trajectory. Figure [38/shows the
map of the efficiency for the four layers of the TT corresponding to
a window search of 240 ym, equivalent to approximately three times
the hit resolution. The obtained efficiency exceed the 97% for all the
TT sectors, resulting in an overall average of around 99.5%.
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data.
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Figure 38: TT efficiency divided per sector for 2017 pp collision data.

4.2.3 Particle identification

Particle identification plays a fundamental role in the study of heavy
flavour decays. In fact, rejecting backgrounds at the level required
for the precision of the LHCb physics program often relies on the
ability to distinguish the different species of particles produced in the

collision.
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An accurate separation between the variety of charged and neutral
particles in their wide momentum range is accomplished by combining
information from different sub-detectors: Ring Imaging Cherenkov
(RICH) detectors are able to separate the different charged hadrons (i.e.
K, 7, p), the calorimeter system allows the identification of electrons,
photons and hadrons, while the muon stations are dedicated to the
detection of muons.

4.2.3.1  Ring Imaging Cherenkov detectors

A charged particle travelling faster than the velocity of light in a
medium emits a cone of light, known as Cherenkov radiation. Ring
Imaging Cherenkov (RICH) detectors use the characteristic angle of
the emitted radiation

1
cosfc = @, (53)

where 7 is the refractive index of the medium and p is the ratio
between the particle velocity and the speed of light in vacuum, to
detect and identify charged particles.

Two RICH detectors are present in LHCD [124]; RICH-1 is placed
between the VELO and the TT and makes use of two radiators, an
aerogelP| (SO,) with n = 1.03 and C4F;o with n = 1.0014, while the
RICH-2 stands downstream of the T-stations and operates with CFy
(n = 1.0005). The different refractive indices guarantees an extended
momentum operational range, between 2 and 60 GeV/c for RICH-
1 and between 15 and 100 GeV/c for RICH-2. The layout and the
discriminating power of the RICH-1 is shown in Fig.

Finally, combining information on the momentum of the particle
(from the track reconstruction) and its velocity B (from the Cherenkov
angle) the rest-mass of the particle can be inferred. The possible
mass hypotheses are compared to the measurements and different
probabilities are assigned to the reconstructed particle to be identified
as each given type (e.g. pion, kaon, proton, etc.).

4.2.3.2  Calorimeters

The calorimeter system is dedicated to obtain information on the
energy and position of electrons, photons and hadrons and plays an
important role in the hardware stage of the trigger. The basic principle
of calorimetry stands in the conversion of the energy-loss of particles in
the scintillator to light. An adequate number of radiation (interaction)
lengths guarantees that most of the energy of the incident particles
is released giving origin to a showering process, i.e. production of
secondary particles in cascade. The energy deposit of the entire shower
is then reconstructed by the detection of the emitted photons by
photomultipliers.

3 The aerogel was used only during Run-I and has been remove in Long-Shutdown-I.
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Figure 39: Left: side view schematic layout of the RICH-1 detector. Right:
Reconstructed Cherenkov angle for isolated tracks, as a function of
track momentum; the Cherenkov bands for muons, pions, kaons
and protons are clearly visible [124].

The LHCD calorimeter system consists of three parts

i. The Scintillating Pad (SPD) and Preshower (PS) detectors [125]
- the former assists the identification of charged particles from
neutral ones (mainly electron from photons) before entering the
calorimeters, the latter completes electron/hadron separation
thanks to the different shower lengths of electrons and pions.
The SPD/PS combined consist of a 15 mm thick absorber, corre-
sponding to ~ 2.5 radiation lengths.

ii. The Electromagnetic Calorimeter (ECAL) [126] - designed as a
sampling calorimeterff|is composed of 66 layers of 2 mm of lead
alternated by planes of scintillating pads of 4 mm thickness,
orientated perpendicularly to the beam direction. The resulting
total of 25 radiation lengths allows to fully contain the electro-
magnetic cascade of photons and electrons, providing a mea-
surements of their energy. The granularity of the calorimeter
cells are adapted to the non-uniform detector occupancy, with
increasing cell size for the inner, middle and outer regions.

iii. The Hadronic Calorimeter (HCAL) [127] - consisting of a sam-
pling calorimeter but, differently from the ECAL, the 26 layers of
iron and scintillating tiles are oriented parallel to the beam axis.
With a total length of 19.7 cm, corresponding to 5.6 interaction
lengths, the HCAL provides a measurement of the energy of the
incoming hadrons.

4 The name sampling calorimeter refers to a calorimetry technique in which the material
that induces the particle shower is distinct, and typically alternated, to the scintillating
material. This allows to produce a cascade that evolves quickly in a limited space,
though, a disadvantage is that part of the energy is lost in the absorber material and
the total energy of the cascade must be estimated.
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The obtained energy resolution is found to be [128]]

E E(GeV) ®0.8% for the ECAL and

) 2% $10% for the HCAL,
E(GeV)

(54)

where the first term is related to stochastic effect in shower develop-
ment and the second one is due to instrumental resolution.

4.2.3.3 The muons system

Decays of B mesons with a muon pair in the final state play a leading
role in the entirety of this dissertation, therefore, accurate muon recon-
struction and identification are of fundamental importance. Energetic
muons are able to pass through several meters of material loosing
only a small fraction of their energy. Particle physics experiments take
advantage of this unique property to design the layout of sub-detectors
devoted to muon identification. Typically, muon detectors are placed
as further point of the experiment where only muons can survivef]

The muon system [129] consists of five stations (M1-M5) placed
along the beam axis as shown in Fig. |40, The inner and outer angular
acceptances of the muon system are 20 (16) mrad and 306 (258) mrad
in the bending (non-bending) plane, similar to that of the tracking
system. The first station is positioned upstream of the calorimeters
in order to avoid multiple scattering distortion, while the remaining
four are placed after the HCAL each interleaved by 80 cm of iron,
acting as absorber. Each station is equipped with 276 multi-wire pro-
portional chambers with the exception of the inner part of M1, subject
to the highest radiation, which is equipped with 12 gas electron mul-
tiplier detectors [130]. Each station is divided into four regions with
increasing distance from the beam axis; the linear dimension and
segmentation of these regions scale with the ratio 1 : 2 : 4 : 8 (see
Fig. [40).

In order to traverse the whole LHCb detector, muons must have
a minimum momentum of approximately 6 GeV/c. For momentum
regimes above 3 GeV/c, average muon identification efficiencies of
98% can be achieved for pion and kaon misidentification rates be-
low 1% [131]. Moreover, including information from other PID sub-
detectors, hadrons misidentification probabilities can be reduced to
below 0.6%, preserving a total muon efficiency above 93%. In this
regime, about 60% of the misidentified pions and kaons are due to
decays in flight.

Besides particle identification, the muons system provides fast-
response transverse momentum measurement used for trigger pur-
pose. Standalone muon track reconstruction can be achieved by re-

Neutrinos are also able to travel through material but they are hardly detected due to
their weak-interaction with matter.
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Figure 40: Left: side view of the LHCb Muon Detector [129]. Right: geometry
of a quadrant, with each rectangle representing one chamber [129].

quiring to find hits in all the five stations, from this and the position
of the interaction point the transverse momentum of the candidate
can be estimated. Each muon station is designed to perform with
an efficiency above 99% in a 20 ns time window, which guarantees
five-fold coincidences among all the stations with an efficiency above
95% [129]]. Stations M1, M2 and M3 provide the largest contribution
to the determination of the pr of the muon candidate, therefore, these
have a higher x granularity with respect to stations M4 and M5, whose
main purpose is the identification of penetrating particles.

4.2.4 Trigger system

At the nominal LHC conditions, proton bunches collide at a frequency
up to 40 MHz, which corresponds to nearly 10 MHz where at least
one visible primary pp interaction occurs at LHCb. The rate of bb
pairs produced is approximately 100 kHz, of which only 15% decay
within the angular acceptance of LHCb and only a tiny fraction of
these contains interesting b-hadron decays. Therefore, considering the
enormous collision rate and the limited capability to store events for
off-line data analysis, the trigger system is required to identify events
of interest and reduce the rate to manageable levels to be stored on
disk.
The LHCb trigger is organised in a two-stage system [132]

i. The hardware-based Level-0 trigger (L0O) - using only partial
information from the detector, it is designed to reduce the event
rate to 1.1 MHz, which is the maximum rate at which the full
detector can be read out. The decision is based on the kinematics
of b-hadron decays, in which decay products are typically pro-
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ii.

duced with large momentum and transverse energy (Et). Two
sub-detectors contribute to the LO trigger; the calorimeters select
high Et clusters that, combined with information on the number
of hits in the PS and SPD, define three types of trigger candi-
dates: photon, electron and hadrons. The muon stations provide
a coarse estimate of the transverse momentum of the muon can-
didate, selecting high transverse momentum single-/di-muon
events.

The software-based High-Level Trigger (HIt) - it consists of sev-
eral trigger selections designed to collect specific events based
on more complex kinematic, topological and particle identifica-
tion requirements. There are two levels of software trigger; the
tirst stage Hlt1 makes use of a partial event reconstruction and,
thanks to the track information in the VELO, includes in the
selection criteria primary vertex and impact parameter determi-
nation and qualities. During the second stage Hlt2, a complete
event reconstruction is possible and more refined methods are
available, such as secondary vertices, decay length and mass re-
construction, resulting in a great number of exclusive selections.
The Hlt reduces the event rate up to 12.5 kHz, at this rate the
selected events are permanently stored for physics analysis.
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In the remaining part of this dissertation two studies performed at
the LHCb experiment are presented. Both works analyse b — supu
transitions, but in two different perspectives; a direct search for a light
di-muon resonance in B* — K*u*u~ decays and the measurement
of the Wilson coefficients in B — K*Yu"u~ decays as indirect search
for New Physics. Both decay channels are ruled by the same flavour
changing neutral current transition, where the only difference stands
in the spectator quark, as shown in Fig. |41, Most of the experimental
work to select and analyse the two modes is common; with final states
either reconstructed with three or four charged tracks. Note that the
neutral meson K*? is reconstructed via the decay K** — K 7.

This chapter describes the main experimental techniques used to
analyse B*(B%) — K*(K**)u*yu~ decays, while chapters [f] and
present the distinct strategies and results of the two studies.

5.1 DATASETS

At the time of this dissertation, the LHC has almost completed the
Run-II of its program, delivering pp collisions at different centre-of-
mass energies. The datasets collected by the LHCb experiment and
the corresponding luminosities are reported in Table [o} During the
Long-Shutdown between Run-I and Run-II, LHCb modified part of
its software (e.g. reconstruction, trigger, variable definitions) to be

d, (u) d, (u)
.
W
B, (BY) /,” S~ K (K)
\
/; _ \
I u,c,t \
p —a-—l—= -t -
v, 2°
-
ut

Figure 41: Feynman diagram of the flavour changing neutral current pro-
cesses BY(B*) — K*O(KF)utu~.
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Table 9: Luminosity recorded by the LHCb experiment per year.

Year nggeg_;f[_%}{afis Luminosity [fb~1]
Rund 2011 7 1.01

2012 8 1.99

2015 13 0.33
Run-II 2016 13 1.67

2017 13 1.71

adapted to the upgraded collision conditions. In the following, when
relevant, the differences between the treatment of Run-I and Run-II
data are highlighted.

5.2 TRIGGER

The presence of (two) muons in the final state rules the trigger selec-
tion. In order to ensure an accurate modelling of the signal process in
the simulation, only candidates triggered by tracks associated to signal
decay products are retained for the analysis. The different beam en-
ergy conditions between Run-I and Run-II require distinguish trigger
requirements for the two datasets.

The trigger lines used for the selection of the B — K*0u*u~ candi-
dates during the two data-taking periods are summarised in Table
At the hardware stage, the LOMuon and LODiMuon lines require a mini-
mum value for the transverse momentum and for the product of the
two highest transverse momenta of the muon candidate(s), respec-
tively. In addition, a requirement on the number of hits in the SPD is
also applied to remove events with high charged-particle multiplicity,
which would occupy a excessive fraction of the HLT processing time.
At the HItl level, the H1t1TrackA11L0O and Hlt1TrackMuon lines re-
quire at least one good-quality track with high momentum, transverse
momentum and impact parameter )(2 [133], where these require-
ments are relaxed [134] in the case the track is associated to a muon
candidate; for the Run-II the H1t1TrackA11LO line has been replaced by
the H1t1TrackMVA and Hlt1TwoTrackMVA lines, where the transverse
momentum and impact parameter information is exploited using
a multivariate approach to select events with at least one and two
good-quality tracks, respectively. Moreover, the H1t1DiMuonLowMass
line applies a requirement on the impact parameter of the two muon

The impact parameter x? represents the minimum 2 distance of a particle’s trajectory
from PVs. An accurate definition of the variables employed in the selection of signal
candidates is given in the next section.
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Table 10: Trigger requirements for the analysis of B — K*%u*~ decays.

Level Run-I Run-II
LO LOMuon LOMuon or LODiMuon
Hitl Hlt1TrackMuon Hlt1TrackMuon
or H1t1TrackA11L0 or H1t1(Two) TrackMVA
Hit2 H1t2SingleMuon H1t2SingleMuon
or H1t2DiMuonDetached or H1t2Topo (Mu) [2,3,4]Body

or H1t2Topo (Mu) [2,3,4]BodyBBDT

candidates. Finally, at the HIt2 level, the H1t2SingleMuon line selects
a clean muon candidatef| with very good track quality, high pr and
very large impact parameter and impact parameter x? [134]. The
H1t2DiMuonDetached line selects di-muon candidates with invariant
mass below the ]/, significant impact parameter x? and primary ver-
tex separation [134], while the H1t2Topo (Mu) [2,3,4]1BodyBBDT lines
require a different number of good-quality tracks (and/or muon can-
didates) with significant impact parameter x> and compatible with
the hypothesis of n-body b-hadron decays (n = 2, 3, 4) [135]. These
topological lines pursue an inclusive selection, aiming to collect events
in which only a subset of the decay products is reconstructed, and
are built based on a multivariate approach (Bonsai Boosted Decision
Tree [136]) which has been optimised separately for the Run-I and
Run-II conditions [137].

With respect to Table small differences are considered in the
treatment of BT — K+ ™y~ decays during Run-I: candidates that fire
the LODiMuon and Hl1t1DiMuonLowMass lines are also retained, while at
the HIt2 level only candidates that fire the H1t2TopoMuBodyBBDT line
are used for the analysis. All the remaining topological H1t2 trigger
lines provide a negligible contribution to the signal efficiency while
increasing the combinatorial background of 4% and are therefore
excluded.

The exact requirements of the Hlt trigger lines can slightly change
depending on the data-taking conditions, even within the same
Run/year, and are detailed in Ref. [138]].

5.3 PRESELECTION

The selection of signal events occurs though several steps. Firstly,
the size of the stored data is reduced by the introduction of a strip-
ping framework. In this environment a set of requirements is applied

Due to the enormous rate of single muon events, a prescaling factor of 2 is applied to
the H1t2SingleMuon line.
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Table 11: List of requirements made on the candidates at stripping level for
the B2KX2MuMuDarkBoson and B2XMuMu lines.

Particle Variable B2KX2MuMuDarkBoson B2XMuMu
B meson m [4800, 5800] MeV /c?>  [4600, 7000] MeV /c?
pT > 1000 MeV /¢ -
T > 0.2 ps -
XEp - > 121
cos O4;r >0 -
Odir - < 14 mrad
X2 /ndf < 25 <8
X5 < 50 <16
tracks Pehost < 03 < 04
X% > 9 > 9
X2.q/ndf <3 -
K* p > 2000 MeV/c -
pT > 250 MeV /¢ -
ProbNNg > 0.1 -
K*0 m(K*t ) - < 6200 MeV/c?
o/ndf - <9
Xip (wrt. PV) - > 9
di-u m < 5000 MeV /c? < 7100 MeV /2
pT > 250 MeV /¢ -
doca < 0.2 mm -
Xgloca <25 -
cos O4ir >0 -
X%D (wrt. PV) > 25 -
X2 /ndf < 10 <9
" isMuon True True
pT > 100 MeV/c -
DLL, > =5 > =3

prior to the data manipulation by the user. These algorithms, know
as Stripping lines, are tuned according to the type of decays studied
by each analysis. Two lines have been used for the decays of interest
in this dissertation, the so-called B2KX2MuMuDarkBoson line for the se-
lection of BT — K x(— u"u~) candidates, and the B2XMuMu line for
BY — K*%u*u~ decays. Besides the natural differences between the
two stripping lines due to the selection of the K™ meson in the former
and the K*® — K7~ system in the latter, in the B2KX2MuMuDarkBoson
line particular attention is dedicated to the di-muon system. This strip-
ping line, in fact, has been specifically designed for searches of new
particles produced in B-meson decays and decaying into muon pairs;
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requirements on the impact parameter and B-decay vertex recon-
struction have been relaxed in order to select more efficiently events
with a displaced di-muon vertex and, consequently, lower B-decay
vertex reconstruction quality. Oppositely, the B2XMuMu line aims to
select generic b-hadron decays with a well reconstructed decay vertex
formed by a hadron and a pair of muons in the final state.

Since the stripping selection is performed off-line, the complete set
of variables from the fully reconstructed event can be used. Table
presents the list of requirements included in the two considered strip-
ping selections. These make use of variables involving topological
criteria and fit-quality requirements defined as follows

i. Direction angle (4;) - the angle between the momentum of a
particle (the B meson in this case) and the direction of flight
from the best PV to the candidate’s decay vertex. A minimum
requirement on cos f4;; ensures the consistency of the event
reconstruction.

ii. Flight distance x> (x3p) - x> separation of a particle’s decay
vertex from PVs. This variable is defined as the increase in
X? of the PV vertex fit when particles from the SV are added
into the PV. A minimum requirement on the B candidate and/or
subsystems of the decay (e.g. K*°, di-u1) ensures the reconstructed
event to be consistent with a B meson decay.

iii. Impact parameter x> (x%) - the minimum x? distance of a parti-
cle’s trajectory from PVs. This variable is defined as the increase
in x2 of the PV vertex fit when the particle is added into the
vertex. Similarly to X%D, a minimum requirement is typically
applied to final states particles to reject tracks originating from
PVs; oppositely, when applied to B candidates, a maximum cut
ensures B mesons to be produced in the collision.

iv. Vertex x? per degrees of freedom (x2,/ndf) - the x? of the hy-
pothesis of the tracks originating from the same vertex, divided
by the number of degrees of freedom of the vertex. A maximum
requirement on the B meson and/or subsystems of the decay
guarantees high-quality vertex reconstruction candidates.

v. Distance of closest approach (doca) - a maximum requirement is
typically applied to form a 2-body object.

vi. Distance of closest approach x* (x3,.,) - doca significance cut, it
is defined as the x? of the hypothesis of the two tracks originating
from the same vertex.

Furthermore, final state particles are required to be compatible with
their correct PID hypothesis. The following particle-identification vari-
ables are commonly used
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i. isMuon - this condition requires the track to have at least one hit
in a subset of the muon stations;

ii. DLL, - corresponds to the difference of log-likelihood between
the hypothesis to be a particle of type 2 and a pion. This variable
combines information from the RICH detectors, calorimeters
and muon system.

iii. ProbNN - is the output of a multivariate classifier (Artificial
Neural Network) that combines the information from the track-
ing and different particle identification systems resulting in a
single probability for a given PID hypothesis.

5.4 EVENTS SIMULATIONS

Large samples of simulated events are often required in several aspects
of the analysis. Simulations are used to determine selection efficiencies,
to model events distributions and to investigate possible sources of
background. Therefore, it is of great importance for simulated events
to well reproduce the true underlying physics and detector response.

In the simulation, pp collisions are generated using PyTHIA [139]
with a specific LHCb configuration [140]. Decays of hadronic particles
are described by EvTGEN [141], in which final-state radiation is gen-
erated using PHOTOS [142]. The interaction of the generated particles
with the detector, and its response, are implemented using the GEANT4
toolkit [143] as described in Ref. [144].

5.4.1 Simulations corrections

Within all the LHCb analyses, a big effort is made to validate and to
ensure the reliability of the simulated samples. The level of consistency
between data and simulations is studied using calibration channels,
for which the distributions of the variables of interest are extracted
from background-subtracted dataﬂ and, in case of disagreements,
simulations are corrected with data-driven approaches.

Two typologies of discrepancies are identified, originating from
a mismodelling of the kinematics of the event, as well as from a
mis-modelling of the detector response. Regarding the first category,
three kinematic variables are found not to be described well in sim-
ulations, the detector track occupancy, the transverse momentum of
the B meson and the B-meson decay vertex x2,/ndf. These distri-
butions are reweighted in all simulated datasets accordingly to the
distributions observed in the calibration sample. In the following,

The sPlot technique [145] is one of the most popular tool to statistically to resolve
different fit components. This approach is based on a discriminating variable, in this
case the reconstructed invariant mass of the B candidate, being uncorrelated with the
set of variables of interest and used to unfolding signal /background structures.
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Figure 42: Distribution of the (left) number of tracks, (right) pr and (cen-
tre) x2./ndf, before (red) and after (blue) the reweighting pro-
cedure for simulated B — J/¢(1S)K* decays together with
background-subtracted data (black points) [146].

decays of B (B) — J/¢(1S)K™ (K*?), with the J/1(1S) decaying to
a pair of muons, are used as control channel. Event-by-event weights
are derived sequentially due to potential small correlations between
variables, with the n — 1 weight being applied before deriving the n't
weight. Figure [42| shows the distributions of the three considered vari-
ables before and after the reweighting procedure and their consistency
with the background-subtracted data after the described method.
Furthermore, the simulation of the detector response fails to re-
produce particle identification variables, particularly due to disagree-
ments in the detector occupancy and non-trivial operation conditions
not modelled in the simulation. The PIDCalib package is the most
widely used tool within LHCb to achieve the necessary PID correc-
tions. This package makes use of clean and high-statistics calibration
samples such as D** — D%zt, A — pn~ and A} — pKTn~ for
hadrons and J/¢(1S) — p*u~ for muons and provides two alter-
native approaches. The “classic” MCReweighting calculates per-event
weights, based on the kinematic information of the analysed tracks
(typically momentum, pseudorapidity and the event track multiplic-
ity), to be applied to the simulated samples. Therefore, the estimated
efficiency for a given PID requirement is calculated as the average
of per-event probabilities to satisfy such condition. This approach is
completely data-driven and has proved to be efficient in cases when
simple requirements (“rectangular cuts”) are placed on PID variables.
On the other hand, this procedure is bound to the kinematic coverage
of the calibration sample that may differ from the one of the analysed
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Figure 43: Comparison between simulated samples and background-
subtracted data (black points) from B? — J/¢(1S)K*0 de-
cays [146]. Left: the red dashed line corresponds to the original
DLLk(K) distribution while the blue line to the resampled one.
Right: destribution of the multivariate classifier for (red) simulated
events with only the PID resampling applied and (blue) both the
kinematic reweighting and the PID resampling.

channel. This is the case for the muons obtained from the default
PIDCalib calibration sample, which include a kinematic cut given by
pr > 800 MeV /c that does not allow to inspect low di-muon invariant
masses. In order to overcome this limitation, a second calibration chan-
nel is selected using Ds — ¢(u" ™ )7 decays and a data-driven PID
efficiency determination is achieved with a cut&fit approach, i.e. the
efficiency is estimated from the signal yields extracted from data with
and without a given PID requirement. The analysis of B* — K™ pu*pu~
decays makes use of both the above methods to evaluate the correct
PID efficiencies.

An alternative approach is provided by the MCResampling tool.
This method builds a pdf from the PID distributions of calibration
data and generates random PID variables based on those pdfs. As
before, in order to account for dependence of PID distributions on
the kinematics of tracks, the calibration sample is binned in p, # and
event track multiplicity. This approach, however, only preserves the
correlations of the PID response with the sampled variables while
breaking all the othersff] This may have an irreducible effect on the
data-simulation agreement of the multivariate response. Figure
shows the result of the resampling procedure and the comparison
between data and simulated events for the DLLg(K) variable and for
the multivariate classifier obtained for B® — J/1(1S)K*° candidates
as discussed in the following. A good overall agreement is observed,
proving the validity of the MCResampling approach.

A more recent development employs multidimensional transformation of variables
rather than complete resampling of the PID response [147]. In this way the correlations
with other PID variables and, in general, other variables of the event are preserved.
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5.5 MULTIVARIATE SELECTION

Random combinations of tracks originated from the collision can be a
source of background if their reconstructed invariant mass lies in the
region of interest. A large fraction of this combinatorial background is
removed by mean of a multivariate selection.

Machine learning algorithms are built to distinguish events from
different samples based on dissimilarities in the multi-dimensional
distribution of a set of discriminating variables. These algorithms
require a training process on two input samples, labelled as signal and
background samples, while the obtained classifier response indicates
the probability to be assigned to the signal or background category.
The ideal working point defining the optimal background rejection
and signal efficiency is then determined based on the necessity of each
analysis. Typically, the performance of the classifier is studied on a
sub-part of the signal (background) sample, previously excluded from
the training process, referred as test samples.

One common example of these multivariate techniques is repre-
sented by Decision Trees algorithms [148] . Decision trees are classi-
fication methods based on a branch-like segmentation of the events.
Signal and background datasets are optimally separated based on a
given input variable, this process is repeated for all discriminants until
a certain node has reached either a minimum number of events or a
minimum/maximum signal purity. The performance of these super-
vised learning processes is improved by assigning increasing weights
- boosting [149] - to misclassified events, i.e. iteratively modifying the
sample distribution accordingly to the difficult instances. Numerous
loss functions are available among the machine learning community;,
examples are adaptive boosting (BDT) [150] and gradient boosting
(BDTG) [151], where the former is used the select B® — K*®u* 3~ can-
didates and the latter is used for the analysis of B¥ — Kt x(— utpu")
decays.

For both channels, the background sample is selected from data,
using the right sideband of the B invariant mass distribution| This
region provides a data sample of pure combinatorial background,
while the left-hand sideband is removed in order to avoid potential
contamination from partially reconstructed backgrounds. In order to
exploit at most the information contained in the dataset, a k-folding
technique is applied [152]. The procedure can be summarised in the
following steps

i. the considered sample is split in k parts;

The exact definition of the sideband mass window depends on the specific channel
and is defined as [5450, 5800] MeV /c? and [5350, 5800] MeV /c? for B¥ — K*u*tu~
and BY — K*0u*u~ decays, respectively.
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Table 12: Input variables for the multivariate selection of B*(B%) —
KT (K*9)u*u~ candidates.

Training variables
B* - Kx(—=utu~) B — KOutu-

decay-time (B™) decay-time (B)

pr (BY) p(B%)
cos O4ir (BT) pr (BY)
X (B cos O (BY)
Xow (K¥x) Xowe (Krrpp)
X (K7) BDT-1502 (1)
Xap (%) track-iso (K)
X (1) track-iso (77)
utu~ doca DLL,(u)
BDT-iso1l () DLLk(K)
track-iso (y) DLLk(7)

ii. k— 1 of these subsamples are used for the training and testing
stages, while the obtained classifier is applied to the remaining
part;

iii. a cyclical permutation is done in order to apply the classifier to
all the subsamples.

This strategy allows to include in the training process all the events of
the dataset while keeping an unbiased sample to test and to optimise
the performance of the obtained classifier. The optimisation procedure
aims to identify the selection to be applied on the multivariate classifier
that provides the best sensitivity for each considered analysis. This
operation is performed on the k — 1 subsamples of point [ii.] above
and guarantees an unbiased (i.e. independent on the performance
on the dataset that will be employed for the analysis) optimisation
procedure.

Finally, for the study of B® — K*%u*u~ decays, the signal sample
required for the training process is selected from data and obtained
from the control channel B® — J/¢(1S)(— u*u~)K*?, while for the
analysis of BT — K" u*u~ decays simulated signal samples are em-
ployed.

Table 12| summarises the set of variables used as input of the multi-
variate classifier for the two analyses. For BY — K™ u™u~ decays, these
consist of kinematic properties of the B meson, topological variables
of the reconstructed decay and two isolation variables. The BDT-iso1
is the result of a multivariate classifier trained on B" — D} pu*v,
decays, as described in Ref. [153]]. This algorithm looks at each track
in the event and returns a value based on the probability for the
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Figure 44: Multivariate classifier distributions for (left) BT — KT x decays
and (right) B® — K*9u*u~ decays [146]. The training and testing
samples are also shown as overtraining cross-checks. Distributions
correspond to one of the k folds of the training process, all the
sub-samples responses are found to be statistically compatible.

track to match the reconstructed B candidate. Higher values corre-
spond to tracks which are more likely to come from the B candidate.
Typically, the track with the highest isolation value is sufficient to
achieve a combinatorial background rejection equivalent to the case
when the isolation information of the entire event is used. Hence, only
the isolation of most discriminating track is included in the training
process. The track isolation track-iso [154] is applied to each muon
candidate. This variable identifies the number of tracks that can create
a good vertex with the considered muon, after excluding the other
muon track from the event. In general, both isolation variables are
designed to identify tracks that are close to the signal candidate and
can form a vertex with it. These are expected to be more abundant for
combinatorial background than for signal events.

For the selection of B — K*%u*u~ decays, in addition to the time
of decay, p, pr and cos 04;; of the B® candidate and K* 7t~ u "~ vertex
X2, the isolation of the four final state particles is included. For the
hadrons, the track isolation described above is employed, while for the
two muons an isolation variable based on a multivariate approach is
used. The BDT-iso2 variablef extends the use of the information from
the reconstructed tracks (e.g. pr, IP, )(%P, )(frack /ndf, doca, etc.) and
employs a BDT classifier trained on a simulated signal sample and
di-muon combinatorial data [146]]. Finally, the following PID variables
are used: DLLk of the kaon and pion and DLL,, of the muons.

Figure |44/ shows the obtained distributions of the classifier for the
signal and background samples in the two described configurations. At
the optimal working point, chosen to maximise the S/+/S + B figure
of merit, the multivariate classifier is found to provide a background
rejection of 97% and a signal efficiency of 85% for B® — K*0utp~

The “2” in the name of the BDT-iso2 variable is used to be distinguished from the
multivariate isolation variable BDT-iso1 previously introduced for the selection of
Bt — K*x(— ptu~) candidates.
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Figure 45: Combinatorial background efficiency for several selection cuts as
function of the reconstructed B-meson invariant mass. Results are
obtained by using the right B invariant mass sideband.

decays [79], while the optimisation of the multivariate selection for
the search of Bt — K™ x decays is detailed in Sec.

Finally, in order not to create artificial distortions when applied to
the signal region, the multivariate response is required to be flat as
function of the reconstructed B invariant mass. Figure 45 shows the
flatness of the classifier output as function of the K™y~ invariant
mass tested in the right-hand sideband of Bt — Kt~ candidates.
Several possible selections are shown as reference and the background
rejection is found to be constant with very good accuracy.



“Verily at the first Chaos came to be, but next
wide-bosomed Gaia, the ever-sure foundations of all

the deathless ones who hold the peaks of snowy Olympus,
and dim Tartarus in the depth of the wide-pathed Earth,
and Eros, fairest among the deathless gods,

who unnerves the limbs and overcomes the mind

and wise counsels of all gods and all men within them.”

— Hesiod, Theogony, 116—122E] (ca. VIII - VII century BC)

DIRECT SEARCH FOR LOW MASS DI-MUON
RESONANCES

This chapter presents a search for low-mass di-muon resonances in
B* — K*utu~ decays and describes in detail the result published in
Ref. [4]. The analysis looks for the production of a hypothetical new
scalar particle, x, via the decay BT — K™ x{*|and its subsequent decay
into a pair of opposite charged muons x — u*"u~. The presented
results are based on the dataset collected during the LHC Run-I,
corresponding to an integrated luminosity of 3.0 fb~!.

6.1 STRATEGY

A model-independent approach to search for a new particle of un-
known mass and lifetime has been designed for this analysis. The
method consists in performing scans on the di-muon invariant mass
spectrum searching for an excess of events, and the result is presented
as a 95% confidence level excluded limit, as function of the mass, m,,
and lifetime, T, of the hypothetical particle.

6.1.1 How to set a limit: the CLs method

Any search for previously unobserved modes is susceptible to the
absence of a significant signal. When interpreting the result of an
experiment, a scientist must answer to the following questions: did I
or did I not establish a discovery? And, in case of positive answer, how
well does my alternative model describes this discovery? Oppositely,
in the “unlucky” case of no discovery, one must wonder: to which level
my alternative model is excluded? This last interrogation is equivalent

t Translation by Hugh G. Evelyn-White (1914).
In the following, the inclusion of the charge-conjugate decay B~ — K™ x is always
implied.
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to establish an upper limit on the strength of the new phenomenon
with a certain confidence.

In order to answer to these various points, it is necessary to apply a
test statistic to the sample of data under the different hypotheses. It is
common to identify the test hypothesis as the signal-plus-background
scenario, whose likelihood is given by L.}, and the null hypothesis
as the background-only scenario, whose likelihood is given by £;. Thus,
the likelihood ratio

o £s+b
can be used to build the desired test statistic, conveniently expressed
in terms of x = —2In Q, where x follows a x? distribution with one
degree of freedom. This formulation allows to define the quantity

Xobs
p= [ slxlHo)dx, (56)

where ¢(x|Hp) is the distribution of the test statistic x for the null
hypothesis Ho and x,; is the value of the test statistic obtained in
the experiment. This quantity, known as p-value, corresponds to the
probability to get a result which is equally or less compatible with the
null hypothesis than the measured value, i.e. the null hypothesis is
rejected with a probability of 1 — p.

In the event of a discovery, the p-value is useful to determine the
strength (or significance) of the newly observed phenomenon. On the
other hand, when setting a limit on a certain process, it is convenient
to define the confidence levels CL, and CL,.}, of the background-only
and signal-plus-background hypotheses, respectively. The confidence
level is defined as

CL = /xoo g(x|H)dx, (57)

obs

which, in the case of the null-hypothesis, is equivalent to 1 — p. Finally,

the ratio
_ CLs+b

CLs = CL,

is frequently used to generalise the investigation of the two hypotheses
and to approximate the confidence in the signal-only hypothesis [155].
In summary, in the absence of an observation, any signal hypothesis
that results in CL; < « is excluded at (1 — ) confidence level.

In order to increase the sensitivity of a search, a common tech-
nique consists in splitting the sample in categories with different
signal /background ratios. In this case, the likelihood for the signal-
plus-background hypothesis can be defined as

Lovy = [ TP (ngpslsi + 1), (59)

(58)
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where the index i runs on the different categories, s; and b; are the
expected number of signal and background events, respectively, and
P(ni|A;) is the Poissonian probability of observing n; events in a
distribution with mean A;. On the other hand, for the background
only hypothesis the likelihood is reduced to

Ly = [ [P (oplbr) - (60)

6.1.2 Searching in the lifetime dimension

Since the lifetime of the new particle can be long compared to the
detector resolution, the di-muon vertex is allowed, but not required,
to be displaced from the B-meson decay vertex. In order to increase
the sensitivity for different lifetimes, three bins of decay-time of the x
candidate are considered. The division in the three bins reflects the
following criteria

i. The first bin corresponds to small decay-times and contains
events that can be identified as prompt decays. All the irreducible
Bt — KTu'u~ Standard Model decays, which are the main
background of this analysis, are meant to be contained in the
tirst bin. This region is characterised by a high signal efficiency
but also by a large background contamination.

ii. The second bin contains displaced di-muon decays and is sup-
posed to be most sensitive for long lifetimes; this region suffers
from lower reconstruction efficiency compared to the first bin
but benefits of a low background contamination.

iii. The third bin contains very displaced di-muon candidates and is
chosen to determine a “zero background” search region.

6.1.3 Searching in the mass dimension

For each of the three above-mentioned decay-time bins, a search in
the mass dimension is performed by scanning the di-muon invariant
mass distribution in steps of 1o(m), where o(m) is the local di-muon
mass resolution. For each tested mass m;, a search region is defined as

|m —my| < 20(m) (61)

and a background region is defined as the sidebands of the search
region according to

30 (m) < [m —mi| < (2k+3)o(m); (62)
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Figure 46: Illustration of the signal and background region as defined in

Egs. [61]and

therefore, the parameter k is defined as the ratio between the size of
the background and search regions. The definition of the search and
background regions is illustrated in Fig. [46]

For each m; a test statistic is performed; the background-plus-signal
and the background-only hypotheses are compared using the CL;
method, where the information from the three bins is combined into a
single likelihood. For each bin the expected number of signal events is
obtained from the simulation and normalised to the observed yield in
the control channel, while the expected number of background events
is extracted directly from the data with a linear fit to the background
region (di-muon sidebands)f] Note that the SM di-muon resonances
$(1020), J/¢(1S), ¥(2S), (3770) and (4160) would appear as signal
in this approach and are therefore vetoed from the search. The choice
of the parameter k is a trade between a large value of k, that would
give a more precise background estimation, and the approximation
of local linearityf| whose validity is studied with pseudoexperiments
and discussed in Sec.

6.1.4 Mass-lifetime parameter space

One of the critical aspects of this analysis is the coverage of the ex-
plored m,-7) parameter space. The mass domain is naturally bounded
by the kinematic threshold for di-muon production, 2mm,, and by the
difference between the B and K meson masses, mpg+ — mg+. Further-
more, some of the crucial features of the analysis (e.g. signal efficiency,
resolution, etc.) are found to be dependent on the mass and lifetime of
the hypothetical new particle. Thus, the study of the signal properties
by mean of the simulations must carefully take into account these
dependences. This is obtained by generating signal simulations with

An exception to this approach for the background prediction is applied in the third
bin, where some prior assumptions are required (see section[6.5.3).

In order to be able to estimate the expected background yield from the sidebands of
the search region as in Eq. [62] the background distribution must be approximately
linear in the region of interest |m; — m| < (2k 4 3)o(m).




6.2 SELECTION FOR UNBIASED My-Ty PARAMETER SPACE

Table 13: Signal simulated samples with different mass and lifetime hypothe-
ses. Numbers correspond to the number of generated events per
sample (in millions).

Mass (MeV /c?)
250 500 800 1000 1500 1700 1775 2000 2500 3000 3500 4000 4500
Ty =1ps 1.5

Ty = 10 ps 1.6
T, =100ps | 15 1515 1.6 15 02 02 15 15 15 15 15 15
Ty = 1000 ps 15

several mass and lifetime hypotheses, which configurations aim to
ideally cover the explored parameter space. The optimal set of val-
ues is reported in Table [13|and largely consists of samples produced
with 7, = 100 ps. This decision balances the reduced signal efficiency
observed for long lifetimes with the robustness of the reweighting
approach used to parametrise all the lifetimes of interest from a single
sample produce with a given T, for a detailed discussion see Sec.

6.2 SELECTION FOR UNBIASED My-Ty PARAMETER SPACE

The search is performed on candidates that have the reconstructed
K*utu~ invariant mass in a window of +50 MeV/c? around the
nominal B mass [156], denoted as signal region. This definition
correspond to a range of almost £3c around the B-meson mass. In
order to avoid to introduce any bias during the selection procedure,
the analysis is performed in a blind way, i.e. all the aspects of the
analysis are fixed before looking at the data in the region of interest.

In general, x candidates can be either reconstructed as Long or
Downstream tracks; the latter is typical of long decay-times, when the
X candidate decays outside the VELO. Unfortunately, no dedicated
trigger lines for the selection of x candidates built from Downstream
tracks has been implemented in Run-], as discussed in Sec. There-
fore, this analysis is limited to events formed by Long tracks.

The multivariate algorithms discussed in Sec. [5.5/relies on the use
of simulated signal datasets. The set of variables used in the train-
ing process has been examined for different signal hypotheses as
given in Table (13| Noticeable differences are observed predominantly
with m, = 250, 1000, 2500 and 4000 MeV / c? where T, = 100 ps and
7, = 1, 10 and 100 ps where m, = 2500 MeV /c?. For simplicity, the
classifier training process has been limited to this sub-sample of simu-
lated signal configurations. Figure 47 shows the signal efficiency as
function of the signal mass and lifetime for different considered train-
ing configurations. All efficiencies are shown for a fixed background
rejection rate of 0.9. Configurations that were trained with a long
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Figure 47: Signal efficiency for different (left) lifetimes and (right) masses
hypotheses. The efficiencies correspond to a background rejection
of 0.9 obtained with several distinct training configurations.

signal lifetime show a considerable loss of efficiency for short lifetime
samples, while the configuration trained with the signal sample with
Ty = 1 ps gives the best overall performance and is chosen as default
training configuration. Similarly, training configurations with high
mass show an efficiency drop at low mass, vice versa, training on
low mass reduces the performance at high mass. The performance
obtained with m, = 1000 and 2500 MeV /¢? is found to be very similar
over most of the mass spectrum. For convenience, the sample with
m, = 2500 MeV/ 2 is selected as baseline classifier, since the minimal
gain observed at very low mass does not justify the computationally
expensive production of complete set of simulated samples.

6.3 BACKGROUND

Several sources of background can pollute the search for Bt — Kt
decays and must be carefully treated. Among these, the so called
peaking backgrounds, decays of B mesons or other hadrons that due
to particle misidentification or misreconstruction of the decay can
appear as a peak in the signal region, are of extreme importance. In
this section, all potential sources of backgrounds are briefly discussed.
These are processed with the same selection as the signal mode and
their contribution is estimated using data-corrected simulations. Ta-
ble [14|summarises all the cuts and vetoes applied to reject the different
sources of background discussed in the following.
The main categories of background are identified as

i. Decays of B mesons to SM di-muon resonances, i.e. ¢(1020),
J/¥(1S), p(2S), ¥(3770) and (4160), with a large branching
ratio, which decay to the same final state of interest. Events are
removed applying a veto on the y ™y~ mass in the ranges 985 <
My~ < 1055, 2946 < my+,~ < 3176, 3586 < my+,~ < 3850 and
4103 < my+,- < 4270 MeV/c?. The upper edge of the §(2S)
veto falls around the (3770) mass, so they are included into a
single vetoed region.



6.3 BACKGROUND

Table 14: List of all vetoes and cuts applied to reduce possible background

contaminations.
Background Variable Mass region Cut
(MeV /c?)
= utu My [985, 1055] vetoed-1% bin
J/p = utu Myt g, [2946, 3176] vetoed
P(2S), P(3770) — utu~ My [3586, 3850] vetoed
P(4160) — utp~ Myt - [4103, 4270] vetoed-1% bin
J/ — uwtp with K* < p* mgye,,)  [3000, 3200]  isMuon(K™) = false
Bt — DY%(— Km)X Mok (1840, 1890]  ProbNNy, (u) > 0.4
K =t Moy 443, 523] vetoed
A — prt M(upespr) 1090, 1120] vetoed

ii.

ii.

iv.

All these resonances are originated directly from B decays. In
particular, the expected yields of Bt — K*¢(1020) and BT —
#(4160)K* decays in the displaced region of the analysis (2"

and 3" decay-time bins) are found to be negligible. In addition,

no peaks corresponding to the ¢(1020) and (4160) resonances
are observed in the combinatorial background sample from the
right B invariant mass sideband. Thus, the corresponding vetoes
can be relaxed and they are applied only in the first bin of the
search. The B* — J/¢(1S)K" and B™ — (2S)K™ decays have
very large branching ratio and their tail can still populate the
displaced region.

Decays of BT — J/¢pK™ can escape the ]/ veto if the kaon
is misidentified with the same-sign muon and vice versa. This
background is rejected by computing the Kt~ invariant mass
under the p 1~ hypothesis, 11k, ), and requiring the kaon to
fail the isMuon flag for candidates with a mass within

Kpsrpup)
the range 3000 < gy ) < 3200 MeV /2.

Possible three body hadron decays, i.e. Bt — hth~h"™ with

= {K, m}, is a class of background if pions or kaons are
misidentified as muons, though most of these events are reduced
after particle identification criteria.

The decays of BY — D%t and B* — DK, with D° — K+~
D® — K*K~ or D’ — s*7~, can be particularly dangerous
for the presence of a displaced secondary vertex given by the
decay of the D° meson. The decays B¥ — D°(— KK)h and
B* — D%(— mmr)h, with h = {K, 7}, are Cabibbo suppressed
and are found to be negligible, while a small contribution of
B* — D% — Km)m and BT — D°(— Km)K are expected in
data. These backgrounds are rejected by the introduction of

89



90

DIRECT SEARCH FOR LOW MASS DI-MUON RESONANCES

Vi.

Vii.

a more stringent muon PID requirement for candidates with
invariant mass, after the correct mass hypothesis assignment
M (uuKn), i @ window around the D® mass. A cut at ProbNN,,
(u) > 04 is sufficient to remove these sources of background
and is applied for events with 11,k € [1840,1890] MeV/ 2.

Peaks corresponding to KY — 7~ and A® — prt decays are
observed in the right B invariant mass sideband of the dataset
and removed by a veto around the K2 and A mass after the
correct mass hypothesis assignment. Due to the small difference
in mass between a muon and a pion, the veto around the Kg mass
results in a significant loss of efficiency for signal candidates
with m, close to the KY mass.

Signal events from Bt — K"u*u~ decays are an irreducible
source of background in this measurement. The di-muon pair
is expected to come from a prompt decay of the B meson and
these events require a dedicated rejection strategy (in particular
for the first bin) as discussed in Sec. Unlike this dominant
decay mode, other decays that contain two opposite sign muons
and a pseudo-scalar or a vector meson are not expected to con-
tribute. While for BT — mtu™u~ decays the low branching
fraction combined with the misidentification efficiency reduces
this background to a negligible level, partially reconstructed
BY — K*(K* 7t~ )utu~ events are either rejected by the B mass
signal region or reduced due to isolation criteria. Finally, possible
contributions from B; and A; decays are found to be negligible.

Combinatorial background is the only source of background
that can populate the displaced region of the analysis. Figure
shows the distribution of the decay-time of the di-muon system
for combinatorial background events observed in the right B
invariant mass sideband of data. The tail of the distribution
extends up to tens of ps. Events with time of decay t < —1 ps
are rejected, since these are not physical. The value of the cut
takes into account the time resolution of the detector and it is
found to reject more than 30% of the combinatorial background
in the first bin of the search.

The combinatorial background yield is extrapolated from data
with a fit to the right B invariant mass sideband, as shown
in Fig. |49l The expected yields after the selection optimisation
described in section are found to be approximately 980, 170
and 2.6 events for first, second and third bins of the analysis,
respectively.
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Figure 48: Distribution of time of decay for combinatorial background, events
are taken from the right B invariant mass sideband.
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Figure 49: Fit of the right B invariant mass sideband to obtain the expected
combinatorial background yield in the first (top left), second (top
right) and third bin (bottom) of the analysis. The distribution is
fitted with a linear function, the range marked with the solid
violet line corresponds to the signal window.

64 STRATEGY VALIDATION

The strategy of the search introduced in section [6.1|is validated with a
series of pseudoexperiments including the surviving sources of back-
ground, i.e. BT — Ktutu~ decays and combinatorial background.
The di-muon invariant mass distribution of B — K™u*™u~ decays
and combinatorial background is derived from simulations and from
the right B invariant mass sideband, respectively. Figure |50| shows the
obtained distributions for the two background sources; a 7 order
polynomial is used to parametrise the B¥ — K™u"u~ component,
while the combinatorial background is described with a kernel den-
sity estimator. The generated ensembles are produced from these two
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Figure 50: Di-muon distribution used to generate pseudoexperiments for
(left) simulated events from BT — K*utyu~ decays and (right)
data combinatorial background. The B¥ — K*u*u~ di-muon
spectrum is fitted with a 7" order polynomial, while the combi-
natorial background is described with a kernel density estimator.
The yellow bands correspond to vetoed regions in the search.

background pdfs and scaled by the corresponding number of expected
events.

The value of the parameter k of Eq. 62 must satisfy the approxima-
tion of local linearity in the entire mass range. The di-muon invariant
mass distribution obtained in these pseudoexperiments is scanned as
described in section and, for each tested mass, the pull of the
deviation between the observed and the expected number of back-
ground events is built. The approximation of local-linearity is better
satisfied as the pulls become closer to a standard Gaussian. Among the
tested hypotheses, values between k = 5 and 10 provide very similar
performances, while higher values badly satisfies the local linearity
approximation. Oppositely, smaller values are found to be too sensi-
tive to statistical fluctuation. Thus, the choice k = 10 guarantees at the
same time the validity to the local linearity approximation and gives
more stability in the fit. For this value, the mean of the pulls obtained
from pseudoexperiments are found to differ from zero for less than
0.08 standard deviations for all the tested masses. A systematic uncer-
tainty is then assigned to the background prediction in order to take
this discrepancy into account.

65 OPTIMISATION OF THE SEARCH

The search is optimised in order to reach the best sensitivity in the
entire m,-T, plane. The five parameters that complete the selection
are given by the two decay-time bin boundaries, named t; and ¢, and
defined as

- 18t bin: |¢] < ty,

-2 bin: <t < ty,
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— 394 Dbin: t > tp,

and the selection cuts on the BDTG response in the three bins.

The optimisation proceeds through a sequential approach, based
on the following steps. Firstly, a simplified only-two-bins scenario is
considered and the value of t; is defined dividing the prompt from
the displaced region. The selection in the 1%t and 2" bins is optimised
under these conditions. Thereafter, the displaced region is split in two
bins by determining the value of t, and, ultimately, the selection in
the 3™ bin is established. This sequential approach is possible since
the optimisation of each bin is mostly independent on the other two.

6.5.1 Prompt-displaced regions

The bin boundary t; has the fundamental role to separate the prompt
from the displaced regions of the analysis and the corresponding back-
ground regimes. The optimal value is chosen based on the criterion
that all the irreducible background from B — K™ u*u~ decays must
be included in the first bin. Table |15 shows the expected number of
events for different cuts on the time of decay of the di-muon system. It
is found that only O(1) event is expected to have t > 1 ps, therefore,
the split between the prompt and displaced regions is set to t; = 1 ps.
In order to take into account the limited decay-time resolution of the
detector, the 1% bin is then symmetrically defined as || < 1 ps.

6.5.2  Selection optimisation

Several figures of merit are commonly used in data analysis to identify
the ideal threshold for the selection of a given signal. These typically
approximate the signal significance by comparing the signal and back-
ground yields or efficiencies. In the following, an accurate optimisation
is obtained by investigating the best expected excluded limit through
the minimisation of the CLs.

Each bin of the classifier response is scanned in step of 0.01 in
its domain [—1, 1]. For each value, the expected limit is evaluated
for several signal hypotheses: four masses m, = 500, 1000, 2500 and
4500 MeV /2, each with lifetimes T, = 0.1, 1, 10 and 100 ps. In order to
compute the CLs for a given background and signal-plus-background
hypotheses, the expected signal and background yields are required
for each configuration.

The expected signal yield is obtained from the simulation and
normalised in terms of the observed number of events of the control
channel. For the entire optimisation procedure, a branching ratio of
1 x 1077 is assumed for the signal modeﬂ

4 It has been shown that the optimisation is independent on this choice [157].
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Table 15: Contribution of the irreducible background B* — K™y u~. The
number of expected events is shown for different cuts on the decay-
time of the di-muon system. The separation at t = 1 ps illustrates
the optimised division between first and second bins of the analysis.

BT — K*utu~ Expected N. of events

- 7586 1= 455
t>0ps 3754 £ 225
t>0.1ps 779 £ 47
t>02ps 215+13
t>03ps 86+ 6
t > 0.4 ps 3813
t > 0.5 ps 18.0x 1.6
t> 0.6 ps 105+1.1
t> 0.7 ps 6.3 +£0.8
t > 0.8 ps 31+05
t > 0.9 ps 224+04
t>1.0ps 12+03
t>11ps 1.0+03
t>12ps 09£03
t>15ps 0.6+03
t>2ps 0.12£0.08

For the expected background yield the following procedure is
adopted

i. For each bin and for each selection cut, the total number of
background events is determined. The expected B* — K"y pu~
decay yield is derived from the simulation, while the combi-
natorial background is obtained with a linear fit to the right B
invariant mass sideband of dataff]

ii. A large number of pseudoexperiments is generated with the
obtained total background yields and accordingly to the back-
ground distributions;

iii. For each pseudoexperiment and for each tested mass, the back-
ground prediction in the di-muon search window is obtained
with the linear fit to the di-muon sidebands;

5 In order not to introduce any bias in the optimisation procedure, the sample receives
the BDTG classifier from one of the five testing parts defined in the folding procedure
and not from the default one used in the final selection.
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Figure 51: Expected CLs as function of the BDTG selection in the first bin for
signal hypotheses with (top) 7, = 0.1, (bottom) 7, = 1 ps, (left)
m, = 500, 4500 MeV /c? and (right) m, = 1000, 2500 MeV /.

iv. Finally, from the distribution of the obtained values from the
various pseudoexperiments, the expected background yield and
its uncertainty is obtained for each tested mass.

6.5.2.1 First bin optimisation

Figure|s1/shows the CLs as function of the BDTG selection in the 1% bin
for different signal mass and lifetime hypotheses. Only lifetimes 7, <
t; =1 ps are relevant for the first bin optimisation and are considered
at this stage. No strong dependence on the mass is observed in the
minimisation of the CLs, therefore, a common BDTG selection is
defined in the first bin. The final cut is set to BDTG > 0.6, this choice
privileges the high purity of the selected sample, while higher values
would result in a reduced sensitivity at very low and very high masses.

6.5.2.2  Second bin optimisation

The background contamination of the displaced region is strongly sup-
pressed. Despite the obvious advantage in terms of signal sensitivity,
there are limiting factors in the optimisation procedure. In fact, a
tight selection may limit the number of background events for the di-
muon sideband fit, that is the key feature of this search. Thus, studies
with pseudoexperiments are required in order to guarantee a good
and reliable background extrapolation and to satisfy the following
conditions

i. the di-muon sidebands must contain at least four events in total;



96

DIRECT SEARCH FOR LOW MASS DI-MUON RESONANCES

i

BDTG cut (2nd bin)
© o oo
N B O 00

Lo
00 o 9o
o o M N

o
LN AR LR LR RRR LD AL AR LR LA

N
2000

. A [
3000

AOOO éOOO
m(puy) MeV

oh
=t
o
o
ot

Figure 52: Value of the BDTG selection as function of the mass in the second
bin. The function is interpolated between points where the require-
ments described in the text were tested with pseudoexperiments.
Yellow bands correspond to vetoed regions in the search.

ii. each sideband must contain at least one event;

iii. the probability that both of the above points are satisfied must
be > 99%.

The selection optimisation proceeds similarly to the first bin. It is
found that, for all the tested signal hypotheses, the largest sensitivity
is always obtained for selection corresponding to the tightest possi-
ble BDTG cut compatible with the above-mentioned requirements.
Figure |52| displays the resulting mass-dependent BDTG selection ap-
plied in the second bin. The value of the obtained cut is interpolated
between each mass point and allowed to be discontinuous on each
sides of vetoed regions. After this optimised selection, the expected
number of background events in the displaced region of the analysis
(and in the corresponding di-muon window search) is found to be of
the order of O(1) for all the considered mass hypotheses.

6.5.3 The third bin: the “zero background” region

This section introduces the third bin of the analysis, that consists
of very displaced events and is intended as a “zero background”
search. This region makes an exception to the sidebands background
extrapolation approach. In fact, it is based on the criterion to have
the smallest possible number of background events in the full di-
muon mass range. However, the sensitivity of the search is found to
be mostly independent on the choice of the bin boundary ¢, with
multiple configurations of t, and BDTG cut in the 3 bin that give
identical performances. In the following, the third bin is defined as
t > t, = 10 ps and the relative selection is tightened to reduce the
total expected number of background events to O(1) in the entire B
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Figure 53: Di-muon invariant mass distribution for events in the right B mass
sideband for t > t; = 1 ps (left) and t > ¢, = 10 ps (right) before
the multivariate selection.

signal region. This requirement corresponds to a selection of BDTG
> 0.8.

Due to the limited population of events in this region, any assump-
tions on the di-muon mass distribution are not reliable. Figure
shows the combinatorial background distribution of the di-muon in-
variant mass for the second and third bins of the analysis, t > 1 and
t > 10 ps, respectively. In order to overcome the uncertainty on the
background prediction for the di-muon search in the third bin, two hy-
potheses are tested: a flat lineshape and a pdf built from the di-muon
distribution observed in the second bin. A large systematic uncertainty
is added to the background prediction, assigned as three times the
difference between the two obtained pdfs. Despite this conservative
approach and potentially large systematics, no difference is found in
the expected sensitivity for the two tested configurations, with and
without the systematics.

6.5.3.1 Sensitivity of an hypothetical observation with injected signal

The third bin is mainly introduced in this analysis in order to capitalise
the discovery potential in the case of an observation compatible with a
long lifetime signal. However, its impact on the upper limit procedure
is found to be marginal, even in the case of very long lifetimes, for
which most of the sensitivity is already achieved by the second bin
alone. Figure |54) shows the comparison of the expected 95% confi-
dence level excluded limit when including/removing the third bin,
for different signal mass and lifetime hypotheses. It is observed that
the introduction of the third bin slightly improves the excluded limit
for signal with long lifetimes.

The sensitivity to a hypothetical signal observation is tested by in-
jecting an artificial signal in the framework. This assumption is studied
with signal of m, = 2500 MeV/c?, 7, = 100 ps and B = 1 x 10~°.
Table 16| shows the p-value of the artificially created observation under
the two-bins and three-bins scenarios, together with the obtained sig-
nal and background yields. The enormous difference in the sensitivity,
estimated to increase from a p-value of O(1072), in the simplified two
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Figure 54: Expected excluded branching ratios for different masses and life-
times at 95% confidence level. The excluded limits are shown both
in the three bins (solid line) and two bins (dashed line) scenario
for the four tested mass: m, = 500 (top left), m, = 1000 (top
right), m, = 2500 (bottom left) and m, = 4500 MeV/ c? (bottom
right).

Table 16: Expected signal and background yields and observed number of
events obtained with an artificially-injecteded signal with m, =
2500 MeV/c?, T, = 100 ps and B = 1 x 10~°. The two columns
correspond to the two and three bins scenarios, respectively.

2 bins 3 bins

nge (014, 35) (0.14, 13,  25)
kg (64, 14) (64, 1.4, 0.003)
Mobs 64, 5) (64, 2, 3)

p-value 0.008 <1077

bins scenario, to less than O(10~7) EI for the complete analysis, proves
the fundamental role of the third bin in the case of a long lifetime
signal observation.

6.5.4 Summary of the optimised selection

After the optimisation procedure the binning scheme and correspond-
ing multivariate selections can be listed as

6 The computing resources required to generate an appropriate number of pseudoex-
periments to exactly quantify the deviation from the background-only hypothesis
exceeds the availability for the scope of this test, however, the presented boundary
p-value $ O(10~7) adequately illustrates the result of this study.
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- 1% bin: [t| < 1 ps, BDTG > 0.6,

- 2" bin: 1 < t < 10 ps, BDTG > f(m), where f(m) is plotted in
Fig.
- 3" bin: t > 10 ps, BDTG > 0.8,

where the combinatorial background rejection rate is found to be
approximately 0.98 for the first and second bins, and around 0.9 for
the third bin.

6.6 MODELLING THE SIGNAL

One of the challenges of the analysis is to correctly parametrise the
signal in the entire m, -7, parameter space. In the following, all the
aspects relevant for the signal description are discussed. These are
studied with simulations, validated on control channels and, if re-
quired, corrected for possible discrepancies.

6.6.1  Signal mass resolution

The size of the di-muon search window is defined in terms of the local
mass resolution, which varies across the whole mass range. The mass
resolution dependence as a function of m, is studied with simulated
samples. The reconstruction of candidates in the B mass signal region
is repeated with the constraints to originate from the PV and to have
the invariant mass fixed to the nominal mass of the B™ meson [156].
This is found to significantly improve the mass resolution, especially
for large signal masses.

The mass distribution of the signal simulated samples is fitted
with the sum of two Gaussian distributions with the same mean. No
significant dependence on the signal lifetime is found, hence the mass
resolution is assumed to be constant for all the considered lifetimes.
Simulations are found to underestimate the mass resolution observed
in data, therefore a scaling factor evaluated using J/$(1S) — u™u~
decays of U]D/IA}](T%) / ‘Tf\;{g(ls) = 1.167 is applied to the values obtained
from simulated datasets.

Figure [55/shows the resulting di-muon mass resolution as a function
of m,, interpolated across the whole mass range and varying between 2
and 9 MeV /2. The mass resolution obtained from data for ¢(1020) —
utu~ and ¥(2S) — ptu~ decays is overlaid as reference. These are
found to be compatible within two standard deviations, equivalent to
6% of the scale factor. This discrepancy is assigned as uncertainty on
the scale factor and is added as a source of systematics, as described

in section
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Figure 55: Signal mass resolution as a function of m,. The black points
show the resolution obtained from the simulation and scaled
to the J/¢(1S) — u"u~ resolution observed in data; the red
triangles show the resolution observed in data for ¢(1020) —
uru, J/¥(1S) — uTu~ and ¥(2S) — utu~ decays as reference.

6.6.2  Signal efficiency

The overall signal efficiency is factorised in several components: ac-
ceptance, reconstruction and selection efficiencies. The last one, in
particular, contains all the requirements of the analysis, namely strip-
ping, preselection, particle identification, multivariate selection and
finally the probability to lie within the signal region defined around
the B meson mass and within the di-muon search window around
each tested mass. The efficiency related to the di-muon search window
is obtained by integrating the fitted di-muon mass distribution in the
range between +20,,, and its uncertainty is evaluated by varying the
resolution ¢y, within its error. Particle identification efficiency includes
the PID requirements contained in the stripping and is obtained with
the PIDCalib package. All the other efficiency components and cor-
responding uncertainties are evaluated with simulations[’| Figure
shows the dependence of the total signal efficiency on the signal mass
of the simulated datasets.

6.6.2.1 MC signal reweighted lifetimes

A clear decrease of the reconstruction efficiency is observed for long
lifetimes, since x candidates start to decay after the VELO. Each
simulated signal sample is then reweighted in order to obtain the

Trigger efficiencies are often inaccurate in the simulation. However, Ref. [79] proved,
using a data-driven approach, that muon trigger lines are well modelled and do not
require additional corrections.



67 SYSTEMATIC UNCERTAINTIES

12— 7 T T

=

Esignal (%)

0.8

0.6

0.4

0.2

- 1
1000

. M- 1
2000

. M- 1
3000

2000
m, (MeV/c?)

OO

Figure 56: Total signal efficiency as function of the mass for simulated sam-
ples generated with 7, = 100 ps.

signal efficiency as function of the lifetime for each simulated mass.
The weight to be assigned to simulated events is given by

1 —ti/ T 1 —ti/T
R i _ i , 6
w= e [ e (©3)

where T is the lifetime of the generated sample, 7, is the new lifetime
to be rescaled and ¢; is the time of decay of the single event.

Firstly, the procedure is validated on simulated datasets with 7, =
1, 10, 100 and 1000 ps and m, = 2500 MeV/ c2. The sample with 7, =
100 ps is used to obtain the reweighted efficiency for all the others.
While a good overall agreement between the reweighted approach and
the values obtained from the original samples is seen, a discrepancy
of approximately three standard deviations is observed for the signal
sample with 7, = 1000 ps. A systematic uncertainty is added to take
this effect into account for signal with very long lifetime, as described
in section

The obtained signal efficiency is then interpolated across the entire
my-Ty parameter space. Figure[57/shows the resulting two-dimensional
efficiency complete of the full list of the background rejection cuts and
vetoes. Note that the structure around the invariant masses 1.8 GeV /c?
corresponds to the effect of the additional ProbNN,, > 0.4 applied to
reject D? backgrounds (that results to be more than 90% efficient on
signal), while the inefficiencies around the invariant masses 1 GeV/ c?
and 4.2 GeV/c? correspond to the ¢(1020) and 1(4160) regions where
only the second and third decay-time bins are used for the search.

67 SYSTEMATIC UNCERTAINTIES

The exclusion limit resulting from this search is expected to be domi-
nated by the limited statistics of the available dataset rather than by
systematic effects. Table [17]summarises the systematic uncertainties re-
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Figure 57: Two-dimensional signal efficiency as function of m, and T,. Back-
ground rejection cuts and the vetoes are also applied and appear
as empty or discontinuous regions in the figure.

Table 17: List of systematic uncertainties.

Source Uncertainty
Signal resolution (1.5+2)%
MC size (2+6)%
MC lifetime reweighting 0+ )%

Background mass shape mismodelling 0.08x stat. err.

Normalisation branching ratio 3 %

lated to this measurement. Note that the impact of these uncertainties
on the excluded limit is found to be minimal, on average the excluded
limit is increased by only 2% in the considered m,-T, plane. In the
following, additional systematic uncertainties besides the mismod-
elling of the background mass shape (introduced in Sec.[6.4) and the
uncertainty on the branching ratio of the normalisation channel
are discussed.

6.7.1 Modelling of the signal efficiency

A systematic uncertainty is introduced to take into account the finite
size of the simulated samples used to estimate the signal efficiency.
This affects especially the two boundaries of the examined lifetimes,
T, = 0(0.1) and O(1000) ps, where large weights are assigned to
a limited number of events. For these two domains the uncertainty
associated to the signal efficiency results in approximately 6%, while
for all the intermediate hypotheses, T, = O(1 =+ 100) ps, is reduced to
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Figure 58: Di-muon invariant mass distribution for events in the B mass
signal region in the first (black) and second (red) bin of the
search. The binning scheme corresponds to one sigma of the
mass-dependent mass-resolution model. No events are observed
in the third bin of the analysis.

2%. Furthermore, the reweighting procedure is found to overestimate
of approximately 20% the signal efficiency for very long lifetimes.
An asymmetric and linearly varying value between 0" and *3%

uncertainty is introduced from 7, = 100 to 1000 ps, respectively.

6.7.2  Modelling of the signal mass resolution

The systematic uncertainty associated to the mass resolution is given
by two contributions: the uncertainty on the resolution obtained from
the fit to the simulation and the relative error of 6% assigned to the
scaling factor. The latter is found to be the dominant and its impact
is studied by varying the mass resolution within its uncertainty and
by considering the difference on the resulting efficiencies. This results
between 1.5% and 2% depending on the signal mass.

6.8 RESULTS

Figure |58/ shows the di-muon invariant mass distribution for events in
the B mass signal region in the first and second bins of the analysis.
No events are observed in the third bin. Since no significant excess
from the background-only hypothesis is found, an upper limit on the
branching ratio B(B* — K*x(— ptu~)) is set at 95% confidence
level.

The excluded limit is shown in Fig. |59 as function of m, and T,.
Figure |60 shows the same result in one dimensional plots for sev-
eral mass and lifetime hypotheses. The obtained limits vary between
2 x 1079 and 1077 and are most stringent in the region corresponding
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Figure 59: Excluded branching ratio for the BY — K¥x(— p*u~) decay
as a function of m, and 1, at 95% confidence level. Regions cor-
responding to the fully-vetoed K?, J/9(1S), ¥(2S) and (3770)
and to the partially-vetoed ¢(1020) and 1(4160) resonances are
excluded from the figure.
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Figure 60: Excluded branching fraction for the B — K* x(— u"u~) decay
at the 95% confidence level for (left) several mass and (right)
lifetime hypotheses. Regions corresponding to the fully-vetoed K?,
J/¥(1S), p(2S) and 1(3770) and to the partially-vetoed ¢(1020)
and 1(4160) are excluded from the figure.

to T, = O(10) ps. Shorter lifetimes are affected by the larger back-
ground of the first decay-time bin, while for longer lifetimes the limit
becomes weaker as the probability for the x to decay within the VELO
decreases. Nevertheless, the presented analysis sets the most stringent
upper limits on the studied decay to date, improving previous results
by up to one order of magnitude, with the long lifetimes region of the
explored parameter space as the one that benefits the most from the
improvement.

This result implies stringent constraints on theories that predict the
existence of new light scalar particles. Figure |61{shows the excluded
region at 95% confidence level of the parameter space of the inflaton
model presented in section [1.2.1} Constraints are placed on the square
of the mixing angle, 62, as function of the inflaton mass. The transla-
tion between the excluded branching fraction for a given lifetime and
the derived constraint on the inflaton mixing angle squared is ruled
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Figure 61: Parameter space of the inflaton model described in Refs. .
The region excluded at 95% confidence level by this analysis is
shown by the blue hatched area. The region excluded by the
search with B — K*%(— u*u~) decays is indicated by
the red hatched area. Direct experimental constraints set by the
CHARM and NA48/2 experiments are also shown, as well
as regions forbidden by theory or cosmological constraints [33]].
Finally, the dashed line corresponds to the projected sensitivity
for the presented measurement with the dataset expected to be
collected after the LHCb Phase-2 Upgrade [300 fb~!].

by Eq.[18 and the information included in Figs. |4 and [3| Theoretical
and cosmological constraints on the model are also included
together with experimental limits previously set by CHARM [34],
NA48/2 and LHCb experiments. This measurement excludes
a large fraction of the theoretically allowed parameter space confirm-
ing the great interest in the study of B-meson decays as possible direct
searches of New Physics. Finally, the large statistics foreseen to be
collected during the LHCb Run-II and future upgrades will allow to
completely rule out these light inflaton models (within the accessible
mass range) and are expected to improve to upper limit on 62 by up
to more than two orders of magnitudes - see Fig.



SENSITIVITY OF A DIRECT FIT TO WILSON
COEFFICIENTS

This chapter discusses the experimental features involved in the am-
plitude fit presented in chapter |3 for B® — K*u*u~ decays and the
corresponding expected sensitivity. At the time of this dissertation, a
binned angular analysis of B — K*u "~ decays is ongoing within
the LHCb collaboration, aiming to update the published results of
Ref. [79] with the dataset collected during the years 2015 and 2016
of Run-II. The strong link between the “classic” angular observables
and the new proposed method leads to the natural choice of using the
same dataset and analysis strategy in both measurements. This allows
a synergy between the two approaches, especially for the validation of
the results of the amplitude fit obtained through the projections into
angular observables.

In summary, the sensitivity studies reported in this chapter assume
the analysis of the datasets collected by the LHCb experiment during
Run-I and the first two years of Run-II, corresponding to a total
integrated luminosity of approximately 5 fb~1.

7.1 TENSORFLOW FRAMEWORK FOR AMPLITUDE ANALYSIS

This analysis is performed within a new framework built on the
TensorFlow python library. TensorFlow is a machine learning interface
developed by Google [158] that can be used to express a wide variety
of algorithms. Despite its extremely young age, the first release only
dates back to 2015, this tool has seen a remarkable success in the
machine learning community, leading to dozens of applications in
computer science and numerous other fields[| The great versatility
of the system and the natural capability in processing large amount
of data makes TensorFlow an optimal framework for data analysis in
particle physics as well.

The essence of this network stands in the construction of compu-
tational graphs, which are composed of nodes. The graph represents a
dataflow computation, while each node represents the instance of an
operation and can have zero or more inputs/outputs. Figure |62/ shows
the structure of a graph for a simple operation with one variable x and
two parameters, b and W. For illustration, the graph corresponding to

TensorFlow is successfully applied in several machine learning applications in dif-
ferent fields, including speech recognition, computer vision, robotics, information
retrieval, natural language processing, geographic information extraction and com-
putational drug discovery.
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Figure 62: Examples of TensorFlow graphs for (left) a simple opera-
tion and (right) its gradient, where b and W are parameters
(tf.variables), x is the input of data (tf.placeholder) and C is
the function to be calculated, while the rest of the graph shows
the required operations classified as nodes [158].

the gradient of the same operation is also reported | The user accesses
the TensorFlow graph by the creation of a session, while the execution
of the calculation occurs only when executing (run) the session.

Following these guidelines, an innovative framework that conju-
gates the machine learning expertise with the typical necessities of
physics analyses (e.g. generation and fitting of a given dataset, es-
timation of systematic uncertainty, etc.) is implemented. While the
generation of events from a given pdf is of straightforward implemen-
tation, an accept/reject technique based the given function returns
the required simulated sample, the fitting procedure requires more
attention. The act of performing a fit can be reduced to the problem
of maximising the likelihood (or, more commonly, minimising the
negative log-likelihood, nll). Therefore, it is sufficient to explicitly
write the nll

def unbinned_nll(pdf):
return -tf.reduce_sum(tf.log(pdf))

where pdf is an one-dimensional tensor corresponding to the evalu-
ation of the pdf on the analysed dataset. The great flexibility of the
framework allows to easily modify the nll to include all the neces-
sary information. For example, in the case of an extended maximum
likelihood fit, the nll is modified to include a Poissonian term

Note that in deep learning algorithms the training of neural networks is based on the
minimisation of the cost function, therefore, the calculation of the gradient of a given
function assumes a central role in the entire framework.
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def extended_unbinned_nll(pdf,n_sig,n_obs):
nll = -tf.reduce_sum(tf.log(pdf))
nll += -tf.reduce_sum(-n_sig+n_obs*tf.log(n_sig))
return nll

where 7, is the signal yield (parameter of the fit) and 7,y is the
number of observed events. Moreover, in the case of prior knowledge
on one or more of the fit parameters, such constraint can be included
directly in the likelihood as

def ext_unbinned nll_gauss(pdf,n_sig,n_obs,p,mu,s):
nll = -tf.reduce_sum(tf.log(pdf))
nll += -tf.reduce_sum(-n_sig+n_obs*tf.log(n_sig))
nll += tf.reduce_sum(tf.square(p-mu)/(2*xtf.square(s)))
return nll

where p is a tensor of fit parameters and y and s are the corresponding
central values and uncertainties. These examples clearly illustrated
the great versatility of the presented framework that can be advanta-
geously adapted to all the specific requirements of each analysis.

Once defined the expression of the likelihood for the desired fit
model, the second necessary step consists in the minimisation of the
nll. This point particularly benefits from the legacy of the machine-
learning oriented development of the TensorFlow package, since
numerous minimisers are available (e.g. GradientDescentOptimizer,
AdamOptimizer, RMSPropOptimizer, etc.). In addition to these built-
in methods, Minuit [159], the minimiser embedded in the ROOT
software commonly used by the vast majority of the particle physics
community, can be easily accessed f

In summary, this analysis is performed within a new framework
implemented specifically for the application of the TensorFlow inter-
face to amplitude fits. The developed package aims to provide a tool
for physics analysis independent on RooFit, a public release of the
software is foreseen in the near future along with a peer-reviewed
publication. The framework takes advantage of the data-flow system
employed by TensorFlow to optimally elaborate large amount of data.
In addition, thanks to the wide variety of different hardware platforms
allowed by TensorFlow, running on GPU cards guarantees optimal
computational performances speeding up the computing time up to a
factor of 40, compared to a single CPU process.

Note that, if Minuit automatically provides the calculation of parameter uncertainties
and covariance matrices, this is not true for other TensorFlow minimisers that lack of
a “physical” interpretation and require more manipulation by the user.
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Most of the experimental aspects involved in the study of B —
K*utu~ decays are in common with the binned angular analysis [79]
and are briefly summarised in this section. The main difference stands
in the unbinned treatment of g2, largely discussed in chapter [3, which
is investigated in two kinematic regions, g% € [1.1, 8.0] GeV?/c* and
g% € [11.0, 12.5] GeV?/c*, respectively.

Moreover, despite the natural differences between the Run-I and
Run-II beam energy conditions, which introduce separate treatments
of the datasets, the off-line selection of events is designed as close
as possible to the Run-I publication [79]. Further details on these
requirements are discussed in chapter

7.2.1 Invariant B mass fit

Candidates are required to have K™ 7t~ u* ™~ reconstructed invariant
mass between 5170 and 5700 MeV/c?. An appropriate modelling of
the invariant mass is essential to separate the signal events from the
combinatorial background surviving the full selection. The signal mass
shape is described with a double Crystal Ball [160|], consisting in the
sum of two Crystal Ball functions with common mean, y, and tail
parameters, « and 1, but different widths, ¢y and o7,

Psig(m) = f x Pcp(m|p,01,n,&) + (1 — f) X Pcp(m|p,02,1n,a). (64)

Each Crystal Ball function is defined by a Gaussian core and an
asymmetric power law tail as
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The large branching fraction associated to the tree-level B® —
J/¥(1S)K*? decays is used as a proxy for several constraints and cor-
rections. For the mass fit to B® — J/1(1S)K*? decays, a second signal
component is included to take into account the suppressed decay B? —
J/¥(1S)K*? [161], this is expressed by the same signal parametrisa-
tion with a shift on the mean by Am = m(B?) — m(B). However, the
B? — K*%*u~ decay is neglected when fitting B® — K**u "~ candi-
dates. Finally, the combinatorial background is parametrised with an
exponential function.
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Figure 63: Distribution of the K™ 77~y ™~ invariant mass for the signal decay
BY — K*%u*u~ selected in three g% regions and for the control
channel BY — J/¢(1S)(— uu~)K*?, obtained from the LHCb
Run-I dataset [79]. The total fitted distribution (black line) as well
as the signal (blue shaded area) and background (red hatched
area) components are overlaid to data.

Figure |63| shows the results of the K™ 7~y p~ invariant mass fit
obtained in Ref. [79] for the signal decay B’ — K*Ou*u~, split in three
bins of g2, and for the control channel B® — J/¢(1S)(— p*u~)K*.
The obtained signal and background yields are reported in Table
for the rare mode/| and in Table [1g| for the control channel together
with the values of the mass fit parameters.

7.2.2  Detector acceptance

The reconstruction and selection criteria, generally referred to as
acceptance effects, distort the distributions of the decay angles, as well
as the ¢ distribution. The signal acceptance is accurately studied with

Note that Ref. [79] made use of several complementary qz binning definitions, namely
a1GeV?/c* and 2 GeV?/c* binning schemes and a wider region [1.1, 6.0] GeV?/c*.
The fit results of Fig.[63|and Table [18|are reported for illustration purpose, since the
proposed method combines the region 1.1 < g% < 8.0 GeV?/c* in a unique kinematic
domain.
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Table 18: Signal and background yields in B — K*u*u~ decays in several
bins of 4% as obtained in Ref. [79].

7*[GeV?/c*| Niig Nikg
[1.1, 2.5] 179.7 £ 154 1244 £+ 13.5
[2.5, 4.0] 1654 + 159 206.6 = 17.1
[4.0, 6.0] 2795 £ 20.2 3004 £ 20.7
[6.0, 8.0] 344.3 £ 221 344.8 £+ 22.1

[11.0, 12.5] 329.8 £ 21.0 212.1 £+ 18.0

Table 19: Mass model parameters determined from the fit of the control
channel B® — J/¢(— utp~)K*® decay as obtained in Ref. [79].

Parameter Value
% 1.533 + 0.033
n 423 +£ 0.6
1o 15.36 + 0.19
o) 25.85 + 0.82
f 0.704 + 0.031
U 5284.339 + 0.043
Am 87.21 + 0.83
exp. slope  —0.006319 & 0.0001
Niig 343763 + 822
Npo 4199 + 162
Niprg 26877 + 649

the simulations and it is parametrised in four dimensions, according
to

e(cos b, cos Ok, ¢, 4°) = Y CijmnLi(cos L) L;(cos k) Lu(¢)Ln(q),

ijmn

(67)
where the terms Lj(x) denote Legendre polynomials of order hf]
The coefficients cjjy,, are determined with a moment analysis of sim-
ulated B — K*%u*u~ phase-space decays, where the three decay
angles, cos 61, cosx and ¢ are generated flat and a per-event weight
is assigned to correct for the non-flat phase-space distribution of g2.
Following this approach, the distribution of simulated events that
pass the reconstruction and selection requirements provides a four-

Note that the variables must be rescaled in the range —1 < x < 1 when evaluating
the acceptance to preserve the orthogonality of Legendre polynomials.
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Figure 64: Projections of the four-dimensional acceptance parametrisation
in cos 0, cos Bk, ¢ and g%. The filled histograms indicate the sim-
ulated B’ — K*¥uTyu~ phase-space events, while the overlaid
function (solid line) shows the signal efficiency after integrat-
ing over the other three variables. For illustration, the kinematic
regions excluded from the analysis are shaded in the g2 projection.

dimensional model—independentlﬂ description of the signal acceptance,
also referred to as efficiency map in the following.

Unlike Ref. [79], the q*> domain considered for the definition of
the acceptance is limited to the interval 1.0 < q2 < 14.0 GeV?/c4,
accordingly to the kinematic regions studied in this analysis. This
allows to reduce the number of polynomial functions required for
the parametrisation of ¢* to polynomials of order three and lower,
while the parametrisation of cos 6y, cos 6x and ¢ comprises Ly (x) up
to third, fourth and sixth order, respectively. This results in a total of
560 coefficients that are determined using approximately 1.4 million of
reconstructed and selected events simulated with the Run-I conditions.
The projections of the obtained acceptance are shown in Fig. |64| for
the four different variables.

7.2.3 K7 mass system

The B — K*u*u~ decay mode extensively analysed in this dis-
sertation always implies the presence of the vector meson K*°(892),

6 Thanks to the parametrisation in terms of all of the relevant kinematic variables
needed to describe the decay, the obtained signal acceptance does not depend on the
model used in the simulation.
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commonly known as P-wave state and reconstructed through its decay
products K*O — K*7t~. However, the reconstructed K™ 71~ system can
also originate either from a non-resonant decay or from the decay of
scalar resonances, generically denominated as S-wave configuration.
The contribution of the S-wave component has been measured to be
small, below 10% in the range 796 < mg, < 996 MeV/c? [77]. Nev-
ertheless, it can dilute the sensitivity to B — K*u*u~ decays and
pollute the observables of interest [162}163]. In order to inspect the S-
wave contribution in the K™ 77~ mass region selected for this analysis,
the reconstructed invariant mass of the K™ 7t~ system is included in
the fit.

The most appropriate and/or convenient description of a narrow
isolated resonance such as K*(892) consists of a relativistic Breit-
Wigner lineshape as

, (68)

k B! (k, ksoo, d
wa(m%m) = < > " 1( 2
Km

2 .
kso2 — Mgy, — imgorl'son (M)

where mgg, is the pole-mass of the resonance, k and kgg, are the
momentum of the K™ in the rest frame of the K* resonance evaluated
at a given mg, and at the mass of the resonance, respectively, while the
orbital angular momentum barrier factors, (k"B} ), account for spin-
dependent effects in the conservation of the angular momentum/|
where L is the orbital angular momentum between the decay products
of the resonance. Finally, the running width I'sg; (k) is given by

2
oz (i) = TsoaBR(k, kgop, d) | —— Mz ), (69)
kgan MK

where I'gg; is the resonance width. A more detailed description of the
parametrisation of a resonance through the relativistic Breit-Wigner
lineshape is given in appendix

In the event that there is more than one overlapping resonance
in the same partial wave or a significant interference with a non-
resonant component, the described Breit-Wigner parametrisation is
not valid since the sum of multiple contributions violates unitarity.
This is the case of the S-wave, where a spin-0 resonance, K} (1430)°,
interferes strongly with a non-resonant (or “slowly varying”) term.
The so-called LASS lineshape [164] has been suggestedlﬂ to model this

Low momentum particles have difficulties in generating sufficient angular momentum
to conserve the spin of the resonance.

The parametrisation of the K7t scalar component is not well established. Alternative
descriptions are common in the literature, such as an extremely broad Breit-Wigner
x(800) resonance at low m(Kr) or through a dispersive analysis of K-7r scatter-
ing [165].

113



114

SENSITIVITY OF A DIRECT FIT TO WILSON COEFFICIENTS

scalar amplitude as a non-resonant effective form together with the
K;(1430)° resonance. It reads as

2\ 4 1 pisy__ 1
frass(mir) = Br(p: puso. ) <P143o> (cot&B e oter - i) ’

(70)
where p(p1430) is the momentum of the K7t system in the rest frame
of the BY, evaluated at a given mg (at the pole-mass of the K;5(1430)
resonance) and the two terms cot dg and cot dg are defined as

1 rk
cotdpg = %—ki, (71)

where a and r are empirical parameters/% and

2 2
L —
cotdg = 1430 Ke (72)
130T 1430 (M)

The second term of Eq. [y0| corresponds to a relativistic Breit-Wigner
for the K;(1430)° resonance, with

k mig30

Ti30(mir) = 1“1430% — (73)
Vs

7.2.4 Background parametrisation

Several sources of background can potentially mimic the signal decay
if they are mis-reconstructed in the detector. These are rejected from
the analysis with an appropriate set of cuts, as detailed in Ref. [79]
and listed in Table |20 After these requirements, only combinatorial
background remains in the selected datasets and particular attention
is addressed to the description of the angular distributions. These are
assumed to be uncorrelated and are parametrised with a polynomial
expansion based on Chebyshev polynomials up to the second order.
This choice follows the assumptions of Ref. [79], where the angular
parametrisation is tested on the right B invariant mass sideband and is
proven to have good compatibility with the observed distributions. In
addition, a linear function in mg,; is assumed to described the smooth
variation of combinatorial background in the considered K7 mass
window and is included in the background template. Table [21]lists the
values of the background coefficients obtained from the angular fit to
the control channel B — J/9$K*°, where the three angles are fitted
simultaneously with the B and K7 invariant masses.

The above-mentioned parametrisation is aligned to the B —
K*%*u~ binned angular analysis. However, the proposed amplitude
fit also requires a parametrisation of the background g2 distribution.

These empirical parameters are fixed to the values 2 = 3.83[GeV/c]~! and r =
2.86[GeV/c]~! as from Ref. [166].
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Table 20: List of requirements applied to reject all possible sources of peaking
backgrounds. Mass units are in MeV/ 2.

Background Rejected if:

A — pK= it~ (5575 < 1y pykuy < 5665) & DLL,(7) > 0
(5575 < M (7K)(K—p)pup < 5665) & DLLK(T[) >0

(795 < (ks ) < 995) &
B —» KOutu~ withK < 7 (DLLk(K) +10 < DLLg (7)) &
(DLLk(K) — DLLg(7) > 0)

3036 < m < 3156) &
BY — J/yK* with I < p ( (= )

(isMuon(h) = true || DLLV(h) > 5)

(5321 < m<7r‘>K)le < 5411)
BY — ¢(— KK)u'tp~ (1010 < 1)k < 1030) || DLLk(7r) > —10) ||
(1030 < m(_,x)x < 1075) || DLLg(7r) > 10)

BY — Ktputyu~ My > 5380 & 5220 < gy, < 5340

Table 21: Values of the coefficients of the Chebyshev polynomials used to
parametrise the combinatorial background obtained from the an-
gular fit to the control channel B® — J/¢pK*0.

Parameter Value

Chrg(cosOr)  0.003 £0.025
Chyg(cosfr)  —0.301+0.026

Chg(cosOk) 0153 +0.026
Chyg(cosfk)  —0.121+0.026
Chig (9) —0.023 £ 0.024
Corg (9) 0.016 + 0.023
cllikg(mKn) —0.412 4 0.050

This is obtained from a fit to the right B invariant mass sideband,
5420 < mgzyuu < 5800 MeV/ 2, of the Run-I dataset, separately for the
two considered g2 regions. Chebyshev polynomials of second order
and lower are found to describe well enough the observed g° distribu-
tions, as shown in Fig. |65| resulting in the following set of coefficients

Chg(47) = 0.30£0.10 (0.10 £ 0.20),,

Corg(77) = —0.154+0.10 (0.20 £0.18), (74)
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Figure 65: Distribution of g2 in the two kinematic regions of the analysis
for events obtained from the right B invariant mass sideband of
the LHCb Run-I dataset. The result of the fit with a second order
polynomial function is overlaid to data.

for the kinematic regions 1.1 < ¢* < 8.0 GeV?/c* (11.0 < ¢* <
12.5 GeV?/c*), respectively.

In conclusion, the background pdf is described by a six-dimensional
function given by

pdforg =11 (ZCiTi(x)> x e MMk (75)

where x = {cos 0}, cos Ok, ¢, %, m%(n}, T;(x) denote Chebyshev poly-
nomials of order i and the last term is the exponential function used
to parametrise the m,, distribution.

7.3 EXTENSION OF THE MODEL

This section presents the extension of the framework discussed in
chapter [3} necessary in order to include all the above-mentioned
experimental aspects.

7.3.1 S-wave description

Events with the K7t system in the S-wave configuration are known to
modify the distributions of the decay angles and ¢*. To appropriately
take this contribution into account, two additional complex amplitudes
Aéb{zs ; must be included in the model. These are taken from Ref. [167]
and modified accordingly to Eq. |26 of chapter [2[to coherently include
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non-local hadronic effects in the S-wave as well. Thus, these scalar
amplitudes read as

Ak
.%fzz—MQQZJh@—%ruarmeAﬁ

2my,M M
+ (€ = G fr(a) 167 ()] .
M3 — Mz,
Asi = —ZNOBizKO (C10 = Cio) fo(4?), (76)

where the symbol K} refers to the scalar K (1430)° resonance and the
normalisation factor Ny is given by

| @Bk
No = Gra, Vi Vi m, (77)

and AKE? is the same of Eq. after the substitution Mg — M.
Three new form factors are required to parametrise the scalar B — Kj
transition matrix elements, namely f., fr and fo, whose definitions
slightly differ from Ref. [167] and are detailed in appendix The
non-local hadronic functions Hso(g%) follow Eq.|31|of chapterwhile

Eq.[32]is replaced by
g 3 S0k 2
Hso(z) = [Z“koz ]f+(fl ) (78)
k=0
In addition to the form factors, the described parametrisation in-
troduces a new set of complex parameters {a{’} to characterise the

non-local hadronic contributions to the S-wave and guarantees a uni-
form formalism between P- and S-wave decays.

7.3.2 Including the S-wave in the signal model

In order to incorporate both the P- and S-wave components in the
amplitude fit to BY — K* 7t~ u*u~ decays, the differential decay rate
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of Eq. is modified by the inclusion of the following additional
angular terms [167]

o= ][l AkP 1457 + ‘L;ZIZ[MS# +2Re(Af A% | },

1
B = 3Bl A%+ 48P,
- 2 4m? * * %
L, = \/gRe[AgoA + AR AKX 2’ (AéOA{} + AG A + AstAs )}
~ . R*
Le = \[ﬁlRe[A F 4 AR AL }

L = \@ﬁ%ne[AéoALl* + (L= R)],
I = \/gﬁl Re| AfpAL" ~ (L = R)),
L = \fﬁ,zm Ak AL L—>R}

(LR,

|
Iy = \f B Tm| Ao AL+ (L

where [ ZS are pure S-wave contributions and I; denotes interference
terms. The total list of angular terms is summarised in Table |22/ and
results in

(79)

2 _d'T 32m_d'T
9 dg?2dQ 9 dg2dQ

P—wave

(I, + I5. cos 26; )

(Lic + e cos 26;) cos Ok (80)
(L4 sin26; + I5 sin 6;) sin Bk cos ¢

(I sin6; + I3 sin26;) sinx sin .

+ 4+ + +

Furthermore, to better separate the contribution of the S-wave from
the P-wave, a simultaneous fit to the K7t invariant mass is included in
the model. The mass lineshapes of Egs. 68 and [70| contain the angular
momentum barrier factors that, in turn, depend on the momentum of
the decay products. This results in a non trivial dependence between
m% __and q%. However, the effect of those terms is found to be negligible
when restricting to the kinematic region of interest["| The different
amplitudes are then modified as follows

A @ mi) = Ay (%) X feon (),

(81)
AéOI?St(qZ’ M) = AISJO],QSt( ?) x fKé(m%(n) y

10 The angular momentum barrier factors preserve momentum conservation and become
relevant only in proximity of the border of the available m%n—qz phase space.
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Table 22: Dependence of the angular coefficients I;(4?) on the transver-
sity amplitudes and the corresponding angular terms

fi(cos 6, cos Ok, ).
i L) fi(Q)
15 2 (AL + JAER + (L = R)| + + 4 Re (ALAR 4+ ALAR) sin? 6k
le [lAFR+ ASP] + 2 1A +2RE(A3A§*)] cos? O
25 B [|AL 1 + \.A 2+ (L— R)] sin? O cos 26,
2c 7/3%{|A[L)|2+ \A§|2] cos? fx cos 26,
3 g[lAsz \Aﬁler(L%R)] sin? Ok sin’ 6] cos 2¢
2 * . .
4 % Re [A(%Aﬁ +(L— R)] sin 20k sin 26, cos ¢
5 V2B Re[AfAL (L R)] sin 26 sin 6 cos ¢
6s 2B Re [.Aﬁ.A'f —(L— R)] sin 26k cos 6;
7 V2B Im [A@Aﬁ* —(L— R)} sin 20k sin 6, sin ¢
s Lm [ApAL" + (L R)] sin 20k sin 26, sin @
9 PIm {AﬁAﬁ* +(L— R)} sin? O sin 6 sin 2¢
2 *
165 3{ [ |4k + AL + %[ Asi P + 2 Re(AL A5 | } 1
268 1B [IA P + 145 ] c0s 26,

* * 2 * *
fe ZRe[Abpdb + ARAR" + 2 (AL AR + ABAR" + Asidi”) | cosbk

3¢ ,%/312 Re [-’4'50“4(%* + A?OA(’){*] cos Ok cos 26,
i \/%/512 Re {AéOAﬁ* (L— R)] sin 0 sin 26, cos ¢

5 \/glgl2 Re {AéoAi* (L—R) sin Ok sin 6; cos ¢
7 SR Tm[A Al — (L5 R
§ 3B Im[AL A+ (LR

] sin Ok sin 6; sin ¢
] sin Ok sin 20 sin ¢

where ) )
feoo(miz) = Npw - fow(miy), 82)
fis (M) = Niass - |8s1€” - frass(miy),
and Npw and N 455 are normalisation factors, such tha{™j™|
*© 2
/O (New - faw (mi,)| dmi, =1,
(83)

® 2
/0 |Niass - frass(mi)| dmi, =1,

Due to the empirical nature of the LASS parametrisation, its normalisation does
not have a strong physical meaning, however, despite not strictly necessary, it is
introduced in analogy with the Breit-Wigner description of the K* resonance. The
latter, in fact, requires the normalisation condition of Eq. [82]in order to satisfy the
consistency of the P-wave differential decay rate when integrating over the entire
physical m% __ region.

Note that the LASS parametrisation is curtailed at 1.8 GeV/ 2, above which no data
from the LASS experiment is available.
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Figure 66: k7t invariant mass squared for the pure P-wave, pure S-wave and
interference term when varying the relative phase s between 0
and 7.

while the coefficients gs and Js determine the relative magnitude
and phase between the two contributions. Figure 66/ shows the m%
distribution of the P-wave and S-wave contributions, as well as their
interference depending on the relative phase.

Within this formalism, the differential decay rate, after integrating
in the angles, is given by

d’r , dr? , drs
d@dm?. = | fooa (i) |- a7 + | fi; ()| A (84)
with e
I 3 1
diqz = 1(2115 + J1c) — 1(2]25 + Joc) (85)
and .
I
ap = i3 (86)

In conclusion, the five-dimensional differential decay rate is given
by Eq. when including the m%,_ dependence as from Eq.
This extended formalism completes the description of B® — K*(—
K*7t7)ptu~ decays presented in chapter [2] For illustration, Figs. [67]
and |68 show the projections of the differential branching ratio on the
decay angles, > and m%_ for the two kinematic regions of the analysis.
The relative magnitude between S- and P-wave is set to gs = 0.93,
which corresponds to an averaged S-wave fraction|of Fs ~ 7% and

13 Note that, differently than the binned angular analysis, in the proposed formalism
Fs is not a parameter of the fit, but rather an unbinned function Fs(qz, Mmyy) =
2 S 2 P 2 S
[fig (mice) |+ 95 (@) / (| fooa i)+ 45 (2) + | fics () [+ 455 () whose nu-
merator and denominator must be integrated individually to obtain the averaged
S-wave fraction in the region of interest.
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Figure 67: Differential B® — K* 7~ u*p~ branching ratio as function of the

three decay angles cos 0}, cos 0k and ¢, q2 and min in the in the
region 1.1 < g% < 8.0 GeV2/c*.

2% in the range 1.1 < g% < 8.0 GeV?/c* and 11 < g% < 12.5 GeV?/c?,
respectively. This setting is consistent with the corresponding mea-
sured values of Refs. [77,[79], while the relative phase is arbitrarily set
to 05 = /2.

7.3.3  Full amplitude fit

All the experimental effects described in the previous sections must
be included in the fit model. This is done by modifying the signal pdf
as follows

Pdfsig = -/V:sig X Psig(mKnyy) X S(quﬂ) X

d°T(B° — Kt utu~)
dg?2dQdm? . ’
87)
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where Njq is a numerical factor to normalise the pdf to unity, (42, Q)
is the four-dimensional efficiency map of Eq. @ and Psjg (Mgrup)
is the double Crystal Ball of Eq. |64) used to model the reconstructed
invariant B mass. The resulting signal pdf is a six-dimensional function
that takes into account the detector acceptance on an event-per-event
basis. Finally, the total pdf is built from the signal and background
components.

This modified formulation replaces the signal-only description pre-
sented in chapter [3] in reference to Eqs. [43| and [44] while Eq.
is adjusted with the introduction of the background yield, Npkg, AS
additional fit parameter

Lp= (nsig + nbkg)Nabs x e~ (e nig) (83)
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7.3.4 Branching ratio measurement

In the presented model the measurement of the B — K*0u*tyu~
branching ratio is strongly embedded in the framework. In fact, the
signal yield directly enters in the likelihood through Eq. [88|and can
be expressed as

BK*OVV y EK*OVV

Msig = N]/zp(lS) X (89)

Biryas)  eiyas)’
where Nj/y15) is the observed yield of the control channel, By, 15) =
B(B — J/¢p(1S)K*0) x B(J/¥(1S) — u*u~) is its branching ra-
tio [156],

23,2
By, = /mz /qul qude ————dg“dmy, (90)

is the integrated signal branching ratio in the region of interest and
the last term of Eq. |89| is the relative efficiency between the signal
mode and the control channel.

However, the efficiency ratio requires a more accurate knowledge
of the signal efficiency compared to the differential decay rate fit,
where the angular dependence described in Sec. is sufficient. In
fact, the ratio eg-0,, /€5,y (15) is typically one of the main systematic
uncertainties for branching ratio measurements [77]. Two possible
approaches can be pursued to parametrise this term

i. The classic approach, which calculates the efficiency from simula-
tion, separately for the two channels, and combines the obtained
results afterwards. The value of the efficiency for each channel
is simply given by the ratio of the number of events observed in
a given region of interest over the number of events generated
in the same region.

ii. An innovative approach, which aims to exploit the properties of
the parametrisation of the signal acceptance of Sec. The
desired relative efficiency can be defined as

ey f£4D pd fay, A0 dg?
erpas) e pn, ) Pf1rpas) 40 A7

(91)

where € is the four-dimensional efficiency map defined in

Eq@ pdfy-o,, is the pure signal pdf after integrating in the m%,.
dimension and normalised to unity, and pdf;,yis) is the angular
pdf of the control channel [79,109]. This approach relies on the
use of the same efficiency map (sliced at the mass of the J/(15)
for the denominator) to preserve the required efficiency scale
between signal and normalisation channel. Although this implies
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the extension of the framework to include the angular analysis
of BY — J/¥(1S)K*° decays as a simultaneous component of the
fit]"¥] two major advantages can be foreseen

i. the efficiency calculation is model-independent - does not
rely on the physics model included in the simulation, e.g.
LHCb simulations do not account for non-local hadronic

effects

ii. homogeneous propagation of systematic uncertainties - the
same efficiency map and signal pdf concurrently contribute
to the amplitude fit and to the branching ratio measure-
ment, this allows to reduce the sources of systematic un-
certainties and to uniformly propagate them within the
measurement.

7.4 EXPECTED SENSITIVITY

The extended formalism described in the previous section is used
to study the expected sensitivity, considering all the experimental
effects. The different beam conditions between Run-I and Run-II re-
quire distinguished treatments of the two datasets, including separate
acceptances, mass fits and background parametrisations. However,
differences in these samples are not expected to significantly modity
the sensitivity of the measurement, hence, the studies in the following
assume homogeneous conditions for the entire dataset, where the
Run-I setting is used as reference and the observed yields are scaled
to the total analysed dataset

7.4.1 Embedded simulations

The generation of pseudoexperiments follows the guidelines of
Sec. with the following conditions

i. the S-wave relative magnitude and phase, gs and Js, are set as

in Sec.

i. the S-wave form factors f, fr and fy, which are currently poorly
known due to the limited knowledge on B — Kj transition ma-
trix elements, are assumed to be the same as for Bt — KT
decays [168], which parametrisation is further discussed in ap-

pendix

Note that for a correct description of B — J/1(1S)K*? decays, exotic charmonium
states as Z; (4200) and Z; (4430) must be considered [108].

An evaluation of this effect has been studied for B® — K*Ue*¢™ decays and is found
to be up to 2%. This estimate is obtained with the current framework by turning
on/off the non-local hadronic parameters and studying the migration into the region
of interest due to the finite 4> resolution.

The expected yields for the 2015 and 2016 detasets are scaled from Ref. [79] by
luminosity and o5 o /5.
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iii. the values of the S-wave non-local hadronic parameters {a;"} are
set identically to the ones of the longitudinal P-wave polarisation,

{a}[7

iv. the invariant B mass fit signal parameters y, 1, 02, fcp, « and
n are defined separately for the two g* regions and their values
are set as in Table

v. all the background parameters (see Eq. [75) are defined separately
for the two g% regions, the slope of the exponential function for
the mg;;,, mass fit is set as in Table [19, while the remaining

polynomial coefficients are set as in Table [21/and Eq. [74}"

This extended version of the framework introduces 48 new parame-
terg™| with respect to the signal-only configuration of chapter

An extended maximum likelihood fit is then performed to these
simulated samples. The truncation of the S-wave non-local hadronic
functions Hg is aligned with the corresponding P-wave components,
where the analytical expansion is curtailed at order K for a given fit
model assumption #,[zX]. In addition to the Gaussian constraints
applied on the nuisance parameters detailed in Sec.|3.1/and on the the-
oretical and experimental pseudo-observables discussed in Sec[3.2.2}
further constraints are imposed on the scalar form factors. These are
Gaussian constrained based on the results of Ref. [168]] with the un-
certainties enlarged by a factor of 3 in order to take into account
differences between B® — K} and B™ — KT dynamics. This conser-
vative choice is found to have a negligible impact on the fit results,
due to the small S-wave component that contributes to the decay. This
assumption has been tested by enlarging the considered K7t mass
window to [644, 1200] MeV /c?, in which case the higher relative con-
tribution of the S-wave induces strong instability to the fit. Note that
a wider K7t mass region implies also a more abundant background
contamination. All the remaining S-wave parameters are free-floated
in the fit. Moreover, concerning the signal parametrisation of the B
invariant mass, the mean and the two widths of the double Crystal
Ball are floated while the tail parameters and the relative fraction
fcp are kept fixed. A good stability in the determination of the tail
parameters of the double Crystal Ball is only possible with a large

Note that this condition is employed only for the production of the ensembles, no
assumptions are implied on the S-wave non-local hadronic parameters {tx]fo} during
the fitting procedure.

Note that the values of the angular coefficients of Table |21|result from the angular fit
to the control mode BY — J/¢(1S)K*?. In general, the background parametrisation is
expected to vary for the different kinematic domains, however, the values of these
coefficients are used exclusively as baseline for the production of the ensembles and
do not undermine the validity of this study.

The number of parameters required to describe the effect of the S-wave contribution
depends on the truncation of the analytical expansion of the non-local hadronic
matrix elements. The count of 48 parameters reported in the text assumes the baseline
configuration of H,[z?].
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number of events. For this reason fcp, « and n are bounded to the
result of the fit to the control channel. Finally, all the background
parameters are free-floated.

7.4.2 Experimental sensitivity to C9 and Cqg

Ensembles of pseudoexperiments are generated with the described
configuration and analysed with the ,[z?] fit model assumption. In
order to examine the impact of each of the experimental effects, the
expected sensitivity has been studied step by step. First, the effect
of the S-wave and background contributions has been investigated
separately, afterwards the sensitivity of the full amplitude fit has been
examined.

For illustration, Figs. |69l and [70/show the distributions of the events
for one pseudoexperiment of reference, including acceptance, back-
ground and S-wave contributions, together with the projections of the
fit results in the 1.1 < g% < 8.0 GeV?/c* and 11.0 < ¢* < 12.5 GeV?/c*
regions, respectively.

Table [23| shows the sensitivity to the pair of Wilson coefficients Cq
and Cjo obtained for the BMP¢,scenario. The fit results are reported
for different stages of the amplitude fit together with the signal-
only scenario of chapter [3/as a comparison. A non-negligible bias is
observed in the determination of both Cy and Cyg, though, its size is
found to be of the same order for all the tested configuration, proving
a valuable stability of the method against all the experimental effects.
This intrinsic model bias is found to disappear for large datasets
(within the expected statistics at the LHCb Upgrade), even including
all the experimental effects, proving its statistical origin°| Secondly,
it is interesting to notice that the statistical sensitivity to the Wilson
coefficients obtained performing a “realistic” experimental analysis
is diluted of only approximately 10 % with respect to the signal-only
scenario studied in chapter

Finally, the sensitivity expected for different NP scenarios is investi-
gated. Table [24] shows the fit results obtained for the BMP¢,, BMP¢, ,and
SM benchmark points. Interestingly, the statistical uncertainty is found
to scale approximately linearly with the generated values of the Wil-
son coefficients, e.g. o(CS") /CS" ~ o(C5" %) /C5""% ~ 7.3%, resulting
in a more precise measurement in case of a stronger NP contribution.
Figure [71|shows the two-dimensional C9-C1g parameter space for the
considered scenarios. The fit results have been corrected for the ob-
served bias and a systematic uncertainty has been added in quadrature

A detailed study on the dependence of the bias as function of the number of events
is given in appendix for the signal-only scenario.
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Figure 69: Distributions of events and projections of the fit result in the region
1.1 < g% < 8.0 GeV?/c* for one generated pseudoexperiment.

to account for this effect| The expected sensitivity varies between 2.5
and 3.5¢ for the BMP¢, , and BMP¢,scenarios, respectively. Note that a
clear observation of NP that exceeds 5¢ in a single measurement can
be achieved for NP scenarios that match the central values of Rgk-),

e.g. COF ~ —1.7 [o4].

7.4.3 Systematic uncertainties

Two major sources of systematic uncertainties can be foreseen

The systematic uncertainty that accounts for the observed bias in the estimators of
the parameters has been applied to the results of Fig. [71| for illustration purpose,
in order to visualise the limited impact of such effect on the sensitivity of the
measurement. The use of the Feldman-Cousins method is foreseen for an
appropriate determination of the central values and uncertainties of the parameters
of interest.
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Figure 7o: Distributions of events and projections of the fit result in the region
11.0 < g2 < 12.5 GeV?/c* for one generated pseudoexperiment.

i. the entity of the bias observed in the estimators of C9 and Cyg
is non-negligible, between 25 and 30% of the statistical uncer-
tainty, however, its statistical nature allows to apply the Feldman-
Cousins method in order to correct for the observed effect;

ii. a model dependence is introduced by the truncation of the an-
alytical expansion of the non-local hadronic contributions. A
statistical approach can be used to determine at which order
to curtail the functions #,; the order of the expansion is pro-
gressively increased until the improvement of the likelihood is
statistically significant/] this determines the highest order at
which the fit is sensitive to, given the analysed dataset. Once
defined that, the next order can be used to assign a systematic
considering eventual difference in the fitted central value of the

22 Tipically, the threshold of 2ANLL > 9 is used as discriminant.
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Figure 71: Two-dimensional sensitivity scans for the pair of Wilson coeffi-
cients Cg and Cyg for the BMP¢,, BMP¢, , .and SM scenarios obtained

with fits with #,[z?] and including all the experimental effects.
The contours correspond to 1, 2, 3¢ contours obtained combining
the statistical and bias-related systematic uncertainties.

Table 23: Fit results for the pair of Wilson coefficients Cg

from fits with 7, [z?] for the BMP, scenario.

and Cyg obtained

Cé\m mean CgIP sigma C%P mean C%P sigma C(C)glc)e_l aCtii\I(?Jn
Signal only (P-wave)
—096 + 0.01 0.22 +0.01 0.05 +0.01 0294+ 0.01 -—0.52 + 0.03
P + S-waves
—0.94 + 0.01 0.23 +£0.01 0.07 + 0.02 0.31+0.01 —-0.54 + 0.04
P-wave + Acc. + Bkg.
—096 £ 0.01 0.23 £ 0.01 0.09 £ 0.02 0334+ 0.01 —0.45 % 0.05
Full fit
—0.93 + 0.01 0.24 + 0.01 0.08 + 0.01 0.34+ 0.01 —0.44 + 0.03

parameters of interest. However, further studies are required to
quantitatively estimate this systematic uncertainty.

Secondly, the theoretical uncertainties on the form factors play a de-
terminant role in the proposed measurement. These have been proven
to strongly impact the sensitivity to the Wilson coefficients, how-
ever, these uncertainties can be naturally investigated in the described
framework by varying the corresponding parameters accordingly to

their covariance matrix.
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Table 24: Fit results for the pair of Wilson coefficients Cg9 and Cyg obtained

from fits with #, [z?] to different physical scenarios.

correlation

NP NP i NP NP
Cy" mean  Cy sigma  Cjy mean Cyy sigma CNP- NP

SM

0.08 £0.01 031 +£0.01 0.09 +0.02 041+£0.01 —-0.26 £ 0.04

BMP¢, —093 +£0.01 024 +0.01 0.08+ 001 034+0.01 -—-0.44 £ 0.03
BMP¢,,, —0.63 £0.01 026 £0.01 0.76 £0.01 030+0.01 -0.35+ 0.04

Finally, a longer list of minor systematic uncertainties must be con-
sidered. These are in common with the binned angular analysis [79]
and consist of all the effects that can alter the mass and/or angular
distributions of either the signal or background candidates. These con-
tributions are expected to play a marginal role and can be summarised

as

ii.

iii.

iv.

Vi.

Vii.

Viii.

. acceptance parametrisation - associated to the parametrisation

(orders of the Legendre polynomials) that is used to describe the
acceptance function;

data-simulation differences - associated to the correction ap-
plied to the simulation sample from which the acceptance is
determined;

acceptance statistical uncertainty - resulting from the limited
size of the simulation sample from which it is determined;

my model - associated to the choice of the LASS parametrisation
in order to describe the S-wave contribution;

background model - associated to the choice of the background
parametrisation (orders of the Chebyshev polynomials);

peaking backgrounds - due to possible sources of peaking back-
ground surviving the selection that can modify the angular
distributions;

Mgy Mmodel - associated to the tail parameters of the double
Crystal Ball that are determined by the mass fit to the control
channel;

the uncertainty on the branching fraction of the calibration sam-
ple BY — J/¥(1S)K*.

All these sources can be investigated using pseudoexperiments in
which one or more parameters are varied, in order to render statistical
fluctuations negligible large statistical samples are employed. The
parameters of interest are determined from these simulated ensembles
using either the nominal or the systematically varied models and
eventual differences are assigned as systematic uncertainties.
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7.4.4 Conclusion and prospects

In conclusion, the experimental aspects required for an amplitude
fit to B® — K*%uTu~ decays have been studied. These include the
extension of the formalism to the S-wave component, the parametri-
sation of the signal acceptance and the introduction of combinatorial
background. The proposed method is found to be robust against all
these experimental effects, which mildly dilute the expected sensitivity
of the measurement.

Nevertheless, a sizeable bias in the determination of the Wilson
coefficients is observed for the currently analysed dataset and, together
with the model-dependence introduced by the truncation of the non-
local hadronic functions, represent the largest sources of systematic
uncertainties of this measurement.

Finally, the expected sensitivity foreseen for the analysis of the
5 fb~! dataset collected by the LHCb experiment during Run-I and
part of Run-II is estimated to be approximately 2.5 and 3.5 ¢ for the
two benchmark-like NP scenarios. These results complete the studies
presented in chapter (3| and provide a “realistic” sensitivity of the
proposed measurement.

The presented analysis is currently being performed at LHCb. Given
the high profile of the measurement, a composite procedure for the
validation of the results is foreseen. Thanks to the large amount of
information that can be extracted from the amplitude fit, an unbinned
determination of the angular observables and branching ratio can be
achieved and represent extremely valuable information independent
on the main systematic uncertainties of the analysis. Furthermore,
one of the interesting aspects of this measurement is the prospect
for a comparison with alternative approaches that use an empirical
modelling of the non-local hadronic contribution based on the coherent
sum of resonant amplitudes [85]]. The comparison between these two
complementary approaches is determinant for the comprehension of
the g> dependence of the decay amplitudes and will provide a further
understanding of the dynamics of the decay.
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This dissertation has widely analysed b — s¢™¢~ decays as probe
of New Physics. Direct and indirect searches can exploit the rich
phenomenology of flavour changing neutral current processes and
strongly constrain NP models. The LHCb experiment provides an
ideal environment to perform such precise measurements and to test
the flavour structure of the Standard Model.

In this thesis, the study of the TT detector performance is presented,
based on a masked algorithm that allow to extract the hit resolution
and detector alignment and efficiency in an unbiased way. The mis-
alignment of each TT sector is found to be below 7 ym, compared
to the obtained resolution of approximately 80 ym, while the overall
efficiency is found to be above 99%.

Secondly, a search for a new hypothetical scalar particle through
the decay channel BT — K™ x(— p*u~) is perform with the dataset
collected by the LCHb experiment during Run-I. The sensitivity of
the analysis is maximised splitting signal candidates in bins of decay-
time, this allows to identify separate regions that are optimised in
accordance with the different background regimes. No evidence of
the signal is found and excluded limits are placed on the branching
ratio of the process as function of the mass and lifetime of the new
particle. These results set stringent constraints on the parameter space
of inflaton models.

Furthermore, phenomenological studies to investigate the prospects
for a novel theory-experimental approach to disentangle possible
NP contributions from problematic non-local hadronic effects in
B® — K*u*u~ decays have been presented. Based on the proposed
method, an adequate evaluation of the systematic uncertainties as-
sociated to the charm-loop is for the first time possible. In addition,
the unbinned amplitude fit can be extended to the electron channel.
In this case, thanks to the shared parametrisation of all the hadronic
matrix elements, the determination of the differences of Wilson co-
efficients is found to be a clean and model-independent test of LFU,
which combines in a single measurement all the benefits of previous
analyses. Moreover, the parameters ACy and AC; are found to be
extremely robust against poor resolution effects typical of experiments
at hadronic machines. This feature is beneficial for the feasibility of
the proposed measurement at the LHCb experiment.

Finally, sensitivity studies considering all experimental aspects of
the analysis of B — K*u*u~ decays are performed to establish the
“realistic” sensitivity of the proposed amplitude fit. Detector accep-
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tance, S-wave and background contributions have been taken into
account and are found not to significantly dilute the sensitivity to the
parameters Cg and Cjg. Oppositely, the largest sources of systematic
uncertainties are identified in the intrinsic model bias observed al-
ready in the signal-only configuration. Nevertheless, this measurement
will provide further insight on the origin of the flavour anomalies and
will be of paramount importance in understanding the nature of New
Physics.
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ADDITIONAL MATERIAL FOR THE AMPLITUDE
FIT TO BY —K*0y¢

This appendix contains additional material relative to the proposed
amplitude fit model described in chapter

A1 ADDITIONAL STUDIES ON BY —K*%uu pECAYS
A.1.1  On the determination of non-local parameters from data

Despite most of the attention is directed to extract the Wilson coeffi-
cients as parameters of interest in the amplitude fit to B® — K*u*u~
decays, genuine interest can be addressed to establish to which extent
information concerning the non-local matrix elements can be inferred
from experimental data. This question can be inspected in two possible
ways

i. assuming the Standard Model predictions of the non-local
hadronic contributions obtained in Ref. [59];

ii. abstaining from using any prior knowledge on those parameters
and relying purely on the information extracted from B° —
K*utu~ decays.

Under these hypotheses, a series of simulated pseudoexperiments is
produced corresponding to the BMP¢, scenario and the expected LHCb
Run-II statistics. For the former condition, a multivariate Gaussian
constraint on the non-local hadronic parameters {oc,((/\) } is added to
the fit, while these are freely floated when considering the second
hypothesis. Both analyses have been performed with a truncation at
the order of H,[z%] on the modelling of the hadronic functions.

Figure [72[ shows the fit results obtained for the non-local hadronic
parameters under the two considered hypotheses. From these the
following conclusion can be driven

i. The analysis with Gaussian constraints on the parameters
{ucl(()‘)} is able to extract additional information on the non-local
hadronic effects from the fit, i.e., the obtained uncertainties are
smaller than the corresponding Gaussian constraints. The uncer-
tainties on the hadronic parameters scale by a factor between 0.5
and 0.8 for the expected statistics of the LHCb Run-II

ii. When removing the constraints, the fit still converges and a
disentangling of the non-local hadronic effects from Cy is still
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Figure 72: Fit results for the hadronic parameters {zx,(()‘)} (top) with and
(bottom) without Gaussian constraints for the expected statistics
of the LHCb Run-II. Points exhibit the mean and width of the
fit results to the pseudoexperiments. The dashed blue line shows
the parameter values used in the generation of the ensembles.
The blue rectangular box represents the uncertainty on the prior
prediction to each parameter and is overlaid as reference.

possible. For the expected statistics of the LHCb Run-II the
uncertainties on the parameters {zx,(f)} obtained exclusively from
the fit to B — K*%u "5~ data are found to be comparable to the
ones from the prior predictions.

A.1.2  Study on the bias of the Cy estimator

The capability of the model to disentangle non-local hadronic effects
from Cy exclusively from the fit to BY — K*O;fr u~ data, i.e. without
any prior knowledge on the hadronic parameters, is remarkable.
However, in order to completely assert the separation between Cy and
the non-local hadronic effects, it is necessary to inquire eventual bias
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Cy bias [1072]

NG 0%

Figure 73: Bias of the estimator for Cy as function of the number of signal
events for H [z?] fits.

in the estimator of the parameters of interest. Figure [73| shows the
estimator of Cy as function of the number of signal events. A small
positive bias is observed for datasets containing up to O(10%) events
and in found to disappear for larger datasets.

A.1.3  Exploring the impact of the inputs from theory and hadronic decays

An interesting aspect of the combined theory-experimental approach,
consists in investigating the impact of additional pseudo-observables
introduced in the fit. In particular, the following points are investigated

i. is it possible to perform a purely experimental analysis, i.e.,
excluding the theoretical points at negative 4> and relying only
on semileptonic and hadronic decays?

ii. The pseudo-observables obtained for the hadronic decays cur-
rently constrain only two relative phase between the three po-
larisations. What is the impact of a hypothetical theory determi-
nation of the absolute phase of the hadronic decays and/or an
increased precision of the relative phases?

To address the first question the fit is repeated removing the con-
straints on the non-local hadronic functions introduced by the theoret-
ical calculation at negative g2, and the stability of the fit is examined
with different orders of the H,(z) expansion. Fig. [74] shows the re-
sult of the fit assuming H, [z*], with and without the input from the
theory points for the expected statistics at LHCb Upgrade and the
BMP¢,scenario. The results prove a strong model-bias, similarly to what
is presented in section Therefore, a purely experimental analysis
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Figure 74: Results of the fits for the ratios % (z)/F,(z) obtained with and
without the theoretical points calculated at negative 2. Fits cor-
respond to the BMP¢ scenario, the expected statistics at LHCb
Upgrade and #,) [z*] truncation of the series expansion. The verti-
cal bands correspond to the J/(1S) and ¢(2S) regions and the
points to the theoretical inputs at negative g*. The top right box of
each plot zooms in the g* range between 1.1 and 9.0 GeV?/c*.

that combines information from semileptonic decays and hadronic
BY — K*{J/¥(1S),¢(2S)} decays is currently not possible. The de-
sired disentangling of the hadronic effect from possible New Physics
contributions crucially relies on the theory inputs at negative g°.
Possible benefits from hypothetical improvements to the constraints
based on the hadronic decays are also inquired. First of all, the uncer-
tainty on the non-local hadronic functions evaluated at the J/y(1S)
is extremely small - see Fig. This is an intrinsic property of the
analytical parametrisation, given by the change of one unit of 7 in
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Figure 75:

Results of the fits for the ratios 7, (z)/F(z) obtained with the

current status of the theoretical and experimental knowledge,
labelled “standard” in the legend, and assuming future improve-
ments on the B — K*0y(2S) measurements as described in the
text, labelled “improved”. Fits correspond to the BMP¢ scenario,
the expected statistics at LHCb Upgrade and H,[z*] truncation of
the series expansion. The vertical bands correspond to the J/9(1S)
and §(2S) regions and the points to the theoretical inputs at neg-
ative g%. The top right box of each plot zooms in the % range
between 1.1 and 9.0 GeV?/c*.

the phase of the amplitude when crossing the resonance pole[| We
find that, for datasets corresponding to the expected statistics at LHCb
Run-II, the impact of the pseudo-observables of the J/1(1S) improves
the determination of the Cy by approximately 15%, while it plays a
minor role when increasing the z-expansion to higher orders. Further-

1 This behaviour is typically represented with a circular motion in the Argand

plane || .
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more, the fit is able to select the absolute phase of the J/9(1S) with
the same precision as the two relative phases.

The impact of the 1(2S) pseudo-observables on the combined fit is
of great interest since these are weakly constrained, in particular the
two relative phases [59]. This is inspected by including a hypotheti-
cal constraint on the absolute phase of the {(25) and repeating the
analysis with two configurations

i. the relative uncertainty of the absolute phase of the 1(25) is
assumed to be of the same order as the one of the relative
phases;

ii. the uncertainties of all phases of the 1(2S) are reduced to reflect
the uncertainties of the J/9(1S).

In both cases the central value of the absolute phase of the 1(2S) is

set to the prediction obtained from the set of parameters {zx](f)} used
for the production of the ensembles.

Fit results obtained assuming condition [i.] are found to be com-
parable with respect to the standard configuration, disproving the
benefit of an absolute determination of the 1(2S) phase. On the other
hand, Fig. 75 shows the results obtained for the non-local hadronic
functions with the current available information and assuming the
future improvements on the ¢(2S) determination as in condition [ii.].
Both analyses are performed with datasets corresponding to the LHCb
Upgrade expected statistics and assume H, [z#] truncation. The ben-
efits produced by the foreseen future improvements on the 1(25)
pseudo-observables are limited to the region of the 1(2S), while their
impact on the determination of the Wilson coefficient Cy is negligible.

A.1.4 Extended New Physics models: the primed Wilson coefficients

Despite the most popular global fits to the B-anomalies prefer to insert
New Physics in the C9 and Cjp Wilson coefficients, it is also possible
to have beyond the Standard Model contributions in the chirality-
flipped Cé and C{O. The primed Wilson coefficients, zero in the SM,
are only weakly constrained by current measurements [94]. Thus,
it is interesting to study the feasibility to directly extract also those
parameters from a fit to data.

For this purpose, the parameter space is further extended to include
C§ and Cj, in the amplitude fit and all the studies described in Sec.
are repeated. Firstly, the dependence on the non-local hadronic effects
is tested also for the primed Wilson coefficients. The fit is repeated
with different orders of the analytical parametrisation. Figure [76| (left)
shows the fit results, obtained purely from amplitude fit to B —
K*%u*u~ decays (without the inputs from theory and hadronic decays
of section [3.2.2). The first interesting conclusion is that both primed
Wilson coefficients are not affected by non-local hadronic effects, since
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Figure 76: Two-dimensional sensitivity scans for the pair of Wilson coeffi-
cients Cy and Cj,. Left: different non-local hadronic parametri-
sation models are shown for a New Physics scenario with C{ =
Cj, = 0.3 and the expected statistics after LHCb Run-II. Right:
three different New Physics scenarios are considered for the LHCb
Upgrade (dotted) 50 fb~! and (solid) 300 fb~! expected statistics.
The contours correspond to 3 o statistical-only uncertainty bands.

their uncertainties clearly saturates with the order #,[z%], i.e. the
uncertainty resulting from fits with #,[z®] and H,[z*] is the same.
With this baseline setup, it is possible to investigate the sensitivity
for current and future experiments. As can be seen in Fig. the
sensitivity expected for the LHCb Run-II statistics does not allow any
conclusive measurements on the right-handed C;. On the other hand,
convincing measurements of C4 and Cj, will be possible starting from
the LHCb Upgrades [50 fb~1 - 300 fb~!] and will allow to extract the
full physical information encoded in these decays.

A.2 ADDITIONAL STUDIES ON THE LFU TEST IN BO —)K*ng
DECAYS

A.2.1  Exploring additional experimental scenarios

It is interesting to extend the sensitivity studies based on the simul-
taneous fit to B — K**/* ¢~ decays presented in Sec. [3.3|to further
explore future experimental scenarios. In particular, prospects for
measurements of the newly proposed parameters ACy and ACjp with
the Belle-II experiment are investigated in the following. By virtue of
the clean experimental environment and the advantageous electron
resolution with respect to hadronic machines, experiments at B fac-
tories allow the investigation of the region between the J/¢(1S) and
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Figure 77: Two-dimensional sensitivity scans for the proposed parameters
ACy and ACy for the two considered NP scenarios: (green) BMP¢,
and (red) BMP¢, , . The contours correspond to 3 ¢ statistical-only

uncertainty bands expected for the (dashed) Belle II 50 ab~! and
LHCb Upgrade (dotted) 50 fb~! and (solid) 300 fb~" statistics.

the (2S) also for the electron channel [80]. Therefore, an additional
kinematic region defined as

QY : 110 < ¢? <125 GeV?/c* (92)

is included in the framework. The expected signal yields are extrap-
olated from Ref. [80] by scaling the luminosity expected for Belle-1I
[50 ab~1]. Finally, the LHCb Upgrade [300 fb~!] scenario foreseen for
the LHCb high luminosity Phase-II program [97] is also examined.
Figure [77/shows the two-dimensional statistical-only significances
for the LHCb/Belle upgrades given the designed luminosities. Both
LHCb Upgrade [50 fb~1] and Belle II expected sensitivities have com-
parable significance (within 8.0 — 10 ¢), while LHCb High-Lumi results
in an overwhelming significance. These exceptional datasets will give
birth to a new era of precision measurements of Wilson coefficients.



S-WAVE PARAMETRISATION

B.1 MASS LINESHAPES

A relativistic Breit-Wigner form is often the most appropri-
ate/convenient mass lineshape to describes isolated, non-overlapping
resonances far from the threshold of additional decay channels. For a
single resonance Rj(— Krr), with orbital angular momentum J, the
relativistic Breit-Wigner reads as

fBW(mz ):B/ (k kO d)' k LKn.B/ (P Po d)~ ﬁ o
K Ly \"*7r 7 kO Lp 7 7 ]90
1
M — mi — imol'j (M)

(93)
X

where my is the pole-mass of the resonance, k(p) is the momentum of
the KT (R) in the rest frame of the R(B) evaluated at a given mg, and
the parameters ko and pg are the values of k and p evaluated at the
pole-mass of the resonance. The orbital angular momentum barrier
factors, (kLB]), must be taken into account for both the B — R;X
and R; — K7 parts of the decay. These involve the Blatt-Weisskopf
functions [171] and account for spin-dependent effects in the conser-
vation of the angular momentum, with L the necessary orbital angular
momentum, which depends on the momentum of the decay products
k(p) - in the rest frame of the decaying particle - and on the size of the
decaying particle given by the d constant, “meson radius”. Thus, the
orbital angular momentum between the resonance R and the bachelor
particle(s) X in the B decay is denoted Lg, while Lk, is the orbital
angular momentum between the K™ and 77~ mesons in the decay of
the resonance R. The relevant Blatt-Weisskopf barrier factors are [156]:

B/LZO(k/ kO/ d) = 1/ (94)

1+ (kod)?
B, i (kkod) — 1++((lfd>)2 (95)

Finally, the running width I'j(mg) is given by

) k 2Lk.+1 mo
— / _
ryOme) = ToB, (ko) () (), 9

where I'y is resonance width.
For all K7 states of Kj — K7, the daughters are spinless so Lxr = |
of the resonance/state. On the other hand, for B® — [K;][u"u~] the
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di-muon object may be in a vector state and therefore Ly = 1 in this
case, while for B® — [K7(892)°][u "] there are three possible states,
with Lg = 0 being the dominant.

In conclusion, for the P-wave component, Lx; = 1 and Lg = 0,
and the K7t mass lineshape simplifies to the expression in Eq.
where the meson radius d is set to 1.6 [GeV/c] ! [166]. On the other
hand, for the S-wave component, the different spin configuration of
the K7t system results in Lp = 1 and Lg, = 0 and only the angular
momentum barrier factor (p/pis0) By, survives in Eq.

B.2 SCALAR FORM FACTORS

The scalar form factors f., fr and fy introduced in Sec. are
determined by the following matrix elements,

M2% — M2,
(K3 () 57,75blB(p)) = [(p R qu“qy}mﬁ
M3% — M2.

+ Tﬂq” folg?) 97)

and

N . M
(Ko (k) [50759"b|B(p)) = 1[(M123 - M12<g;)‘7ﬂ - qz(P + k)n] TffT(qz) .
(98)
These correspond to Eq.10 of Ref. [167] except for the transformation

qZ

Mp(Mg + Mg;

fr—

)f% , (99)

where f7. is the one defined in Ref. [167] and commonly used in the
literature.

B.2.1 Scalar form factors parametrisation

The form factors definition above is valid for a generic scalar — scalar
transition, however, the exact evaluation of the f., fr and fy functions
depend on the kind of mesons involved in the decay. Unfortunately,
the current theoretical knowledge on the B® — K} form factors is
very limited. For this reason, the scalar form factors required for the
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Table 25: Results of z-expansion fits of the B — K form factors as from

Ref. [168].
Coefficient Value
by 0.466(14)
b —0.89(13)
by —0.21(55)
b3 0.292(10)
by 0.28(12)
b9 0.15(44)
bt 0.460(19)
bl —1.09(24)
bl —1.11(97)

insertion of the S-wave in the amplitude fit are taken from B — K™
transition and follow the parametrisation below [168]

1 K=l m
2 - - +T[.m _ (_1\m—K'""_K
1 K-1
2 0. .m
g) = ————— b,z (101)
f q 1_q2/M2;‘OmZ—:0

with Mp: = 5415.4 MeV and Mg: = 5711 MeV. As in Ref. [172] K =3
is chosen for the expansion, while the values of the coefficients b; are
taken from Ref. [168] and reported in Table
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