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Search for B → K(∗)νν̄ de-
cays at the Belle II experi-
ment

This thesis details the strategy for the measurement of the

B → K(∗)νν̄ decays’ branching fraction, focusing on B+ → K+νν,

at the Belle II experiment, using 487.7 fb−1 of data at the Υ(4S)
resonance. This experiment operates on an electron-positron col-

lider, SuperKEKB, at KEK, Tsukuba, Japan, which specialises in the

production of B mesons. The B → K(∗)νν̄ decays are important

probe for physics beyond the Standard Model, as the underlying

process is a b → sνν̄ quark transition, i.e. a Flavour Changing Neu-

tral Current. Thanks to the accurate prediction of its branching

ratio in the Standard Model, a precise measurement of the decay’s

branching fraction could reveal tensions and evidence for New

Physics. Because of the two neutrinos in the decay, we have to make

use of the partner B, Btag, coming with the signal B meson, Bsig,

in the Υ(4S) → Bsig Btag, making Belle II the only experiment for

this analysis. Especially, we select Btag decaying into Semileptonic

mode, reconstructed using the Full Event Interpretation algo-

rithm developed by the Belle II collaboration. This analysis does not

use data; instead, it uses simulation. To control any mismodelling,

we define control samples for which we can look both at data and

simulation, and correct any mismodelling.

Using 10 million events of B+ → K+νν decays, as well as BB̄ and

qq̄ samples corresponding to 1948 fb−1, we obtain a first estimate

of the expected total uncertainty at 5 × 10−6 in the hypothesis

of a branching fraction equal to its Standard Model value, and

7 × 10−6 for a branching fraction equal to the one obtained by the

current state of the art. This measurement is thus expected to be as

accurate as the one obtained by the previous Belle II measurements,

proving its importance as an independent measurement as well as

its relevance for combination.



Recherche des désintégra-
tions B → K(∗)νν̄ à l’expérience
Belle II

Cette thèse détaille la stratégie mise en œuvre pour mesurer

la fraction d’enbranchement des désintégrations B → K(∗)νν̄, en

se concentrant sur le processus B+ → K+νν, dans le cadre de

l’expérience Belle II , à partir de 487,7 fb−1 de données à la ré-

sonance Υ(4S). Cette expérience est menée sur le collisionneur

électron-positron SuperKEKB, au KEK, à Tsukuba, au Japon,

spécialisé dans la production de mésons B. Les désintégrations

B → K(∗)νν̄ constituent un outil important pour l’étude de la

physique au-delà du modèle standard, car le processus sous-jacent

est une transition de quark b → sνν̄, c’est-à-dire un changement

de saveur par courant neutre. Grâce à la prédiction précise de son

rapport de branchement dans le Standard Model, une mesure pré-

cise de la fraction de branchement de ces désintégrations pourrait

révéler des tensions et apporter des preuves en faveur de nou-

velle physique. En raison de la présence de deux neutrinos dans

la désintégration, nous devons utiliser le B, Btag, associé au mé-

son signal B, Bsig, dans la réaction Υ(4S) → Bsig Btag. En partic-

ulier, nous sélectionnons les Btag se désintégrant selon des modes

semi-leptonique, reconstitués à l’aide de l’algorithme Full Event

Interpretation développé par la collaboration Belle II . Cette anal-

yse n’utilise pas de données, mais repose sur une simulation. Afin

de contrôler toute erreur de modélisation, nous définissons des

échantillons de contrôle pour lesquels nous pouvons examiner à la

fois les données et la simulation, puis éventuellement corriger

En utilisant 10 millions d’événements de désintégrations B+ →
K+νν, ainsi que des échantillons BB̄ et qq̄ correspondant à 1948

fb−1, nous obtenons une première estimation de l’incertitude totale

attendue de l’ordre de 5 × 10−6 dans l’hypothèse d’une fraction

de branchement égale à sa valeur Standard Model, et de 7 × 10−6

pour une fraction de branchement égale à celle obtenue par l’état

actuel de l’art. Cette mesure devrait donc être aussi précise que

celle obtenue par les précédentes mesures de Belle II, ce qui prouve

son importance en tant que mesure indépendante ainsi que sa

pertinence pour la combinaison des résultats.
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Prelude

This thesis takes place in the context of the Standard Model (SM) of

particle physics. This theoretical framework, describing elementary

particles and their behaviour, is considered very successful when

tracing back its history and the predictions that came from it. The

model proved its predicting abilities on many occasions, e.g. with

the discovery of the Higgs boson in 2012 by the ATLAS and CMS

experiments [1].

However, a few years prior to the discovery of the Higgs boson,

two independent teams observed the first oscillations of neutrinos

[2, 3] . This is proof that neutrinos possess a mass, while it was not

included by the SM. This is not its only limitation. The model is

still unable to explain the origin of the matter/anti-matter asymme-

try, nor the origin of dark matter whose presence is deduced from

cosmological and astrophysical observations [4]. This entices us

to keep pushing the boundaries of the SM and search for physics

beyond the standard model.

Theorists describe many places to look for when searching for

New Physics (NP). Processes of interest are Flavour Changing Neu-

tral Current (FCNC) b → s transitions, rare processes, suppressed

in the SM, for which some theories predict a different probability

compared to the SM due to the inference of new phenomena.

Among the decays depending on FCNC processes, a particular

one gained attention thanks to recent results from the Belle II col-

laboration: B → K(∗)νν̄ [5]. In this analysis, they found evidence

for this decay but also pointed to a possible deviation from the SM

predictions, as predicted by NP scenarios.

The B → K(∗)νν̄ decays are experimentally challenging to ob-

serve because of the two neutrinos in the final particles. Because

of the impossibility to directly reconstruct 2 of the 3 final state par-

ticles and the rarity of the decay, no significant observation of the

decay was made before Belle II.

However, its experimental complexity is compensated by the

very precise prediction for the decay probability. With a precise
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measurement of this process, one would get a powerful probe for

NP, both to identify possible models or to constrain others.

The goal of this thesis is to present the current status of the mea-

surement the B+ → K+νν decay branching fraction at the Belle II

experiment, collecting data at the SuperKEKB collider, using a dif-

ferent approach compared to the previous analysis: a Semileptonic

(SL) tagged analysis.

This work is organised as follows:

• Chapter 1 answers the questions "why?" by introducing the

theoretical elements necessary for the comprehension of the

importance for this measurement in the context of the SM and

search for NP;

• Chapter 2 describes "where" this analysis is taking place, the

experimental apparatus we will use and extract the data from;

• Chapter 3 explains "how" we will carry this analysis, the toolkit

that will help us from reconstruction of the particles in the events

to the extraction of the measurement;

• Chapter 4 is an intermezzo presenting the work performed on

the graph neural network-based flavour tagger of Belle II;

• Chapter 5 finally exploits all the introduced elements to define

an strategy to extract the "what", the branching ratio of the B+ →
K+νν decay;

This analysis relies on a collective work with other Belle II

groups from Perugia and Bonn, both working on B+ → K+νν

and B0 → K∗0νν decays. My contribution was Chapter 4 and

Chapter 5. In particular, results from Chapter 4 are all based on

my own work. For Chapter 5 the code is adapted from the previous

hadronic tagged analysis. The work on Section 5.7.7 was done by

the team in Perugia, and the Section 5.4.6 and Section 5.7.3 were

done by Merna Abumusabh, a colleague in Strasbourg who will

defend her thesis in 2027.
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The why: scientific context on the search for B → K(∗)νν̄

Contents

1.1 The standard model of particle physics 10

1.2 The beauty in the standard model 12

1.3 The B → K(∗)νν̄ decays in the standard model 13

1.4 New physics models in the B → K(∗)νν̄ decays 17
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The Standard Model (SM) of particle physics is a theoretical

framework that describes the electromagnetic, weak, and strong

nuclear interactions between elementary particles. Based on the

principles of Quantum Field Theory (QFT), it has been tested ex-

tensively and has been able to describe the observations of particle

physics experiments with great accuracy. However, there are several

phenomena that the SM is not able to explain, such as the existence

of Dark Matter (DM) or the matter-antimatter asymmetry in the

universe. For reasons discussed later on, tensions with the SM have

been previously observed when quark flavour transitions occur,

such as in the b → sl+l−, b → cτν, or b → sνν̄ transitions. We will

study the last one in this thesis, via the prism of the B → Kνν̄ decay.

In this chapter, we will first introduce the theoretical framework be-

hind the SM and its limitations (Section 1.1), which will lead us to

the formulation of the SM as an Effective Field Theory (EFT) (Sec-

tion 1.2) and the study of the B → Kνν̄ decay (Section 1.3). We will

then describe NP models which could intervene in the B → Kνν̄ de-

cay and the experimental constraints on these models (Section 1.4).

Finally, we will present the state of the art in the measurement of

the B → Kνν̄ decay (Section 1.5).
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1.1 The standard model of particle physics
This summary of the SM is inspired by
[6]The SM provides mathematical tools to describe the interactions

between elementary particles, which can be fermions, with half-odd

spin, or bosons, with integer spin. The elementary bosons, or gauge
bosons, act as mediators of the fundamental interactions: electromag-
netic, weak and strong interactions. The elementary fermions are, in

this theory, 12 particles (and 12 anti-particles) forming multiplets of

the groups SU(3)C, SU(2)L and U(1)Y.

The SU(2)L ⊗ U(1)Y gauge group describes the electroweak

interaction, mediated respectively by the
(
Wi)

i∈J1,3K and B bosons,

acting on the weak isospin T ∈ R3 and the weak hypercharge Y. At

lower energy, this symmetry is spontaneously broken by the Higgs

mechanism1 [7, 8, 9], leading to the appearance of the W± and Z 1 or, to be more complete, the
Anderson-Brout-Englert-Guralnik-
Hagen-Higgs-Kibble-’t Hooft mecha-
nism

bosons, and the photon γ, which fields are defined as such:

W± =
1√
2

(
W1 ∓ iW2

)
, Z = W3 cos θW − B sin θW , (1.1)

A = W3 sin θW + B cos θW (1.2)

where θW is the weak mixing, or Weinberg, angle [10]. One also

needs to redefine the generator of U(1)Y as Q = T3 +
Y
2 , which is

the electric charge operator. Additionally, this symmetry-breaking

mechanism leads to the appearance of the Higgs boson H, which is

the only scalar elementary particle in the SM.

The SU(3)C gauge group describes the strong interaction, and

acts only on particles with a colour charge C. This group, being of di-

mension 8, has 8 gauge bosons, called gluons (gi)i∈J0,8K. Elementary

fermions can then be separated into two categories:

• Quarks, with a colour charge, which are grouped in three genera-

tions, each containing one quark with electric charge Q = 2
3 and

one with Q = − 1
3 , as follows:

(
u
d

) (
c
s

) (
t
b

)
(1.3)

and their anti-particle equivalents. As they interact with the

strong nuclear force, quarks are never observed in isolation, but

always in bound states called hadrons (except for the top quark

because of its lifetime), since free particles must always have a

"null" colour charge. Particles composed of a quark and an anti-

quark are called mesons, and those consisting of three quarks are

called baryons.

• Leptons, without a colour charge, which are also grouped in
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three generations, containing a charged lepton and a neutrino, as

follows: (
νe

e−

) (
νµ

µ−

) (
ντ

τ−

)
(1.4)

and their anti-particle equivalents.

All fermions interact weakly, and charged fermions also interact

electromagnetically. From the way they act under SU(2)L , one can

write the fermions as weak-isospin doublets
(

νe

e−

)

L

(
νµ

µ−

)

L

(
ντ

τ−

)

L

(
u ′

d ′

)

L

(
c ′

s ′

)

L

(
t ′

b ′

)

L

(1.5)

and weak-isospin singlets

e−R µ−
R τ−

R u ′
R c ′R t ′R d ′

R s ′R b ′R (1.6)

with the L and R subscripts indicating the chirality of the parti-

cles, left-handed or right-handed, respectively. The right-handed

neutrinos are not included in the minimal version of the SM.

The primes in the expressions above indicate that the quarks’

"weak" eigenstates are not the same as their "mass" eigenstates [11].

The two bases can be related, in a particular basis, by the unitary

Cabibbo-Kobayashi-Maskawa (CKM) matrix, VCKM ∈ M3 (C) [12]:




d ′

s ′

b ′


 =




Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb







d
s
b


 , (1.7)




u ′

c ′

t ′


 =




u
c
t


 (1.8)

We can also write this change of basis for the other quarks’ states,

relating (u, c, t) and (u ′ , c ′ , t ′) via the CKM matrix, and (d, s, b) =

(d ′ , s ′ , b ′).

This matrix encodes much information. Firstly, due to physical

reasons2, we need only three mixing angles (θ12, θ13, θ23) ∈ R3 and 2 The number of free real parameters of
a unitary n × n matrix is n2 (2n2 − n2

because of the constraints from the
unitarity). Three of those parameters
are angles, while the other six are
phases. However, the 4-vector currents
are invariant under a global phase
transformation, so all the phases can
be absorbed into a single one.

one phase δ13 ∈ R in order to fully parametrise this matrix. The

phase is interpreted as the CP-violating phase and is an important

parameter of the SM to measure because of its implication in phe-

nomena such as the matter-antimatter asymmetry [13]. Secondly, the

squared modulus of the matrix elements is the probability for a

quark to change flavour.
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The unitary nature of the CKM matrix implies that:

∑
i∈{u,c,t}

VijV∗
ik = δjk, (j, k) ∈ {d, s, b}2 (1.9)

∑
i∈{d,s,b}

VjiV∗
ki = δjk, (j, k) ∈ {u, c, t}2 (1.10)

where δ is the Kronecker symbol.

Let us develop Equation (1.9) for j = b and k = d:

VudV∗
ub + VcdV∗

cb + VtdV∗
tb = 0 (1.11)

⇐⇒ 1 +
VudV∗

ub
VcdV∗

cb
+

VtdV∗
tb

VcdV∗
cb

= 0 (1.12)

as VudV∗
ub ̸= 0. The last relation describes a unitarity triangle in the

complex plane represented in Figure 1.1, with two of its vertices at

C = (0, 0) and B = (1, 0) respectively. The last vertex is defined

to be at A = (ρ̄, η̄) ∈ R2. Consequently, the lengths of the triangle

sides are: 1

∣∣∣ VtdV∗
tb

VcdV∗
cb

∣∣∣
∣∣∣ VudV∗

ub
VcdV∗

cb

∣∣∣

(0, 0) (1, 0)

(ρ̄, η̄)

γ

α

β

Figure 1.1: Representation
of a unitarity triangle and its
parametrisation.

ĀB =

∣∣∣∣
VtdV∗

tb
VcdV∗

cb

∣∣∣∣ (1.13)

ĀC =

∣∣∣∣
VudV∗

ub
VcdV∗

cb

∣∣∣∣ (1.14)

B̄C = 1 (1.15)

and the angles, also parametrised by the CKM matrix elements, are:

α = arg
(

VcdV∗
cb

VtdV∗
tb

)
(1.16)

β = arg
(

VtdV∗
tb

VcdV∗
cb

)
(1.17)

γ = arg
(

VudV∗
ub

VcdV∗
cb

)
(1.18)

Hence, the measurement of the sides and angles of the unitarity

triangle allows us to test the SM and search for NP.

1.2 The beauty in the standard model

To work with processes occurring at energy scales much lower

than the mass of the mediating particles, we can build an EFT, i.e.
an approximation of a more fundamental theory valid at a lower

energy scale. An EFT is built by integrating out the high-energy

degrees of freedom from the full theory. This results in an effective

Hamiltonian expressed as a series of local operators O multiplied



1.3. THE B → K(∗)νν̄ DECAYS IN THE STANDARD MODEL 13

by their corresponding Wilson coefficients C. The operators must

respect the symmetries of the lower energy scale theory, and the

Wilson coefficients encode the effects of the higher energy physics.

The effective Hamiltonian, at a given energy scale µ ∈ R>0, can be

expressed as:

Heff =
N

∑
i=1

Ci(µ)Oi(µ) (1.19)

where N ∈ N∗ is the order of the series expansion. For a weak

decay, occurring at an energy scale much lower than the mass of the

W boson mW , the EFT is known as the weak effective theory.

1.3 The B → K(∗)νν̄ decays in the standard model

As one can see from the unitarity and the transitions represented

by the CKM matrix elements, change of flavour between same

electric charge quarks, also called FCNC, cannot occur at tree level.

Consider a transition from a b quark to an s quark. It is forbidden

at tree level but could occur at loop level with the exchange of a

W boson, e.g. as presented in Figure 1.2. The amplitude of this

transition is proportional to the product of the b → j and j → s
amplitudes and squared mass of the intermediate quark m2

j , where

j ∈ (u, c, t). Taking the sum of the amplitudes for all possible

intermediate quarks:
b s

u, c, t

W+

γ, Z0

Figure 1.2: Feynman diagram
representing the b → s transi-
tion at one-loop level.Mb 7→s ∝ ∑

j∈{u,c,t}
VbjV∗

jsm2
j (1.20)

Hence, returning to equation Equation (1.9), if mu = mc = mt, we

can factorize m2
j for j = u in Equation (1.20), and the amplitude of

the b 7→ s transition is null. If such a symmetry of masses exists,

FCNC would be forbidden at the one-loop level. However, this is

not the case, and instead the amplitude of the transition is domi-

nated by the contribution of the heaviest quark, the t quark 3. Thus, 3 The leading order in Equation (1.20)
is m2

c − m2
t , but mt is much larger than

mc.FCNC processes in the SM are highly suppressed by the Glashow-

Iliopoulos-Maiani (GIM) mechanism [14]. This rarity makes FCNC

processes very interesting to study in order to search for NP, be-

cause new particles could contribute in the loops, or involve new

mechanisms that may allow FCNC at tree level, modifying the am-

plitude of those transitions significantly.

Notable examples of FCNC processes are the B → K(∗)νν̄ decays.

The B → K(∗)νν̄ decays are rare decays of the B meson into a

K(∗) meson and a pair of neutrinos. In terms of quark content, it

corresponds to a b → sνν̄ transition, hence it involves an FCNC.

The leading order Feynman diagrams contributing to this process
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in the SM are the one-loop penguin and box diagrams, as shown in

Figure 1.3 for B+ → K+νν̄. This decay is particularly interesting

because it is suppressed in the SM, as explained in the previous

section, and thus sensitive to NP effects. In the following, we will

talk about the B → Kνν̄ and B → K∗νν̄ decays generically, but it can

actually correspond to four different modes:

b̄ s̄

ν

ν̄

u u

ū, c̄, t̄

W+

Z0

B+ K+

ν ν̄

b̄ s̄

u u

ū, c̄, t̄

W+ W−

B+ K+

Figure 1.3: Feynman diagrams
representing the B+ → K+νν̄

transition at one-loop level in
the SM, with penguin (above)
and box (below) diagrams.

• B± → K±νν̄

• B0 → K0
Sνν̄

• B± → K∗±νν̄

• B0 → K∗0νν̄

For the b → sνν̄ decay, with µ ≈ mb [15]:

Heff ≈ −4GF√
2

V∗
tsVtbCSM

L Oν
L + h.c. (1.21)

The operator Oν
L is defined as [16]:

Oν
L =

1
2

α

4π
(s̄b)V−A(ν̄ν)V−A (1.22)

=
e2

16π2

(
s̄γµ

1 − γ5

2
b
)(

ν̄γµ(1 − γ5)ν
)

(1.23)

where (γµ)µ∈J0,3K are the gamma matrices, γ5 = iγ0γ1γ2γ3 and the

Wilson coefficient Cν
L is:

CSM
L = − Xt

sin (θW)2 (1.24)

where Xt = 1.469(17)(2) [17] is is the Inami–Lim function, in-

cluding higher-order QCD and electroweak corrections [18], and

sin (θW)2 = 0.22348(4) [19]. In this effective theory, we can compute

the branching ratio of the B → Kνν̄ decay, which is given by Fermi’s

golden rule:

B (B → Kνν̄) = NτB|⟨Kνν̄| Heff |B⟩|2ρ (1.25)

where N is a normalization factor, τB is the B meson lifetime, ρ is

the phase space factor and ⟨Kνν̄| Heff |B⟩ is the matrix element of

the effective Hamiltonian between the initial and final states. A

powerful observable for studying those decays is the differential

branching ratio. For B → Kνν̄, to fully describe the kinematics of

the decay, we need the squared invariant mass of the neutrino pair,

denoted q2, over which we can define the differential branching

ratio to also study the shape of the distribution in search for NP.
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The differential branching ratio for B → Kνν̄ is given by [20]:

dB (B → Kνν̄)

dq2 = NK

(
q2
) ∣∣∣CSM

L

∣∣∣
2
|VtbV∗

ts|2 f 2
+(q

2) (1.26)

with

NK

(
q2
)
=

G2
F α2

EW
256π5m3

B
λ
(

m2
B , m2

K , q2
)3/2

τB (1.27)

where αEW is the fine structure constant, λ is the Källén function

and f+ is the B → K vector form factor, which encapsulates the

parametrisation of the B → K transition matrix element. In the case

of the B → K transition, the form factor is computed via lattice

quantum chromo-dynamics [21, 22, 23]. One can also parametrise

the form factor using a z-expansion [24], leading to:

f+(q2) =
1

1 − q2

m2
+

[
α0 + α1z(q2) + α2z(q2)2 +

−α1 + 2α2

3
z(q2)3

]

(1.28)

with

z(q2) =

√
t+ − q2 − √

t+ − t0√
t+ − q2 +

√
t+ − t0

(1.29)

where t+ = (mB + mK )
2, t0 = (mB + mK )(

√
mB − √

mK )
2 and

m+ = mB + 0.046 GeV is the resonance mass. The values of the α

parameters, and their correlation matrix for B+ → K+νν̄ (indicated

by the + sign) are obtained after fitting the form factor f+ with the

described parametrisation [20]:

α+
0 = 0.4742 ± 0.0062 (1.30)

α+
1 = −0.894 ± 0.051 (1.31)

α+
2 = −0.44 ± 0.14 (1.32)

and

Cα,+ =




1 −0.2904 −0.0347

−0.2904 1 0.7757

−0.0347 0.7757 1


 (1.33)

Back to the branching ratio predictions, using Equation (1.26),

integrating over q2, one can compute the branching ratio. For nu-

merical applications, we use V∗
tsVtb = (39.3 ± 1.0) × 10−3, as

specified in [20]. Hence, we obtain:

B
(

B+ → K+νν̄
)

SM ≈ (5.06 ± 0.31) × 10−6 (1.34)

The branching ratio for B0 → K0
S νν̄ can be derived from Equa-

tion (1.26) similarly, since most of the parameters will be the same.
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Hence, just by taking into account the different lifetimes, we get:

B
(

B0 → K0
S νν̄

)
SM

=
1
2

τB0

τB+
B
(

B+ → K+νν̄
)

SM (1.35)

≈ (2.05 ± 0.14) × 10−6 (1.36)

One can do a similar work for B → K∗νν̄ branching ratios.

Starting from the formula [20]:

dB (B → K∗νν̄)

dq2 = NK∗
(

q2
) ∣∣∣CSM

L

∣∣∣
2
|VtbV∗

ts |2F (q2) (1.37)

with

NK∗
(

q2
)
=

G2
F α2

EW
128π5m3

B
λ
(

m2
B , m2

K∗ , q2
)1/2

q2τB (mB + mK∗ )2

(1.38)

However, F is not the form factor, it is a combination of 3 form

factors because of the vector nature of the K∗ meson:

F
(

q2
)
= A2

1

(
q2
)
+

32m2
B m2

K∗

q2 (mB + mK∗ )2 A2
12

(
q2
)
+

λ
(

m2
B , m2

K∗ , q2)

(mB + mK∗ )4 V2
(

q2
)

(1.39)

where A1 , A12 and V are the (axial and vector) form factors, com-

puted using light-cone sum rules [25].

Using the differential branching fraction from Equation (1.37),

the results are:

B
(

B+ → K∗+νν̄
)

SM ≈ (10.86 ± 1.43) × 10−6 (1.40)

B
(

B0 → K∗0νν̄
)

SM
≈ (9.05 ± 1.37) × 10−6 (1.41)

Additionaly, the branching fractions predicted for B+ → K+νν̄

and B+ → K∗+νν̄ are taking into account the long-distance con-
tribution B+ → τ+

(
→ K(∗)+ ν̄τ

)
ντ . We need to subtract this

contribution which gives us, after computation [20, 26]:

B
(

B+ → K+νν̄
)

SM ≈ (4.44 ± 0.30) × 10−6 (1.42)

B
(

B+ → K∗+νν̄
)

SM ≈ (9.8 ± 1.4) × 10−6 (1.43)

We can see here that those decays are indeed rare in the SM,

with branching ratios of the order of 10−6. This makes them sen-

sitive to NP effects, which could modify those branching ratios

significantly. Moreover, the theoretical predictions are precise, with

uncertainties of about 6% for B → Kνν̄, mainly due to the CKM

matrix elements uncertainties, and 13% for B → K∗νν̄, mainly due

to the form factor uncertainties. This is because the B → K(∗)νν̄ de-

cays are theoretically clean, as they do not suffer from long-distance



1.4. NEW PHYSICS MODELS IN THE B → K(∗)νν̄ DECAYS 17

QCD effects that can plague other rare decays. This makes them

ideal probes for testing the SM and searching for NP effects.

1.4 New physics models in the B → K(∗)νν̄ decays

To take into account the effects of NP in B → K(∗)νν̄ decays, we can

modify the effective Hamiltonian in Equation (1.21):

Heff = −4GF√
2

VtbV∗
ts

((
CSM

L + CNP
L

)
Oν

L + CNP
R ONP

R

)
+ h.c. (1.44)

It must be noted that we assume Lepton Flavour Universality (LFU)

in this effective theory, i.e. that the potential NP produced will

couple universally to the three flavours of neutrinos, without any

preference. It is possible to consider LFU-violation by introducing

different Wilson coefficients for each neutrino flavour. Compared

to the Standard Model, we added a right-handed operator ONP
R

and the corresponding Wilson coefficient CNP
R for the neutrino. The

operator ONP
R is defined as [15]:

ONP
R =

e2

16π2

(
s̄γµPRb

)
(ν̄γµ (1 − γ5) ν) (1.45)

where PR = 1+γ5
2 is the right-handed projection operator. For

convenience, we can define two real parameters from the Wilson

coefficients:

ϵ =

√∣∣CSM
L + CNP

L

∣∣2 +
∣∣CNP

R

∣∣2

CSM
L

(1.46)

η = −Re
((

CSM
L + CNP

L
)

CNP∗
R
)

∣∣CSM
L + CNP

L

∣∣2 +
∣∣CNP

R

∣∣2 (1.47)

The parameter ϵ quantifies the strength of the NP contribution

relative to the SM, while η measures the interference between the

left- and right-handed contributions. In the SM-only case, we have

ϵ = 1 and η = 0, making the measurements of those parameters a

check for presence of NP. Moreover, using those new parameters,

we can define the signal strength:

µK =
B(B → Kνν̄)

B(B → Kνν̄)SM
= (1 − 2η) ϵ2 (1.48)

µK∗ =
B(B → K∗νν̄)

B(B → K∗νν̄)SM
= (1 + κη) ϵ2 (1.49)

where κ is computed from the form factors of the B → K∗ hadronic

matrix element and is about 1.34 [15].

Hence, measurements of the various B → K(∗)νν̄ decay branch-

ing ratios allow us to constrain the parameters ϵ and η, thus con-
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straining the Wilson coefficients. We can then pre-emptively ask

ourselves what kind of NP models we are sensitive to, and how

they can affect our measurements.

At the vertex level, possible NP contributions include the infer-

ence of new heavy mediators in the decay, such as Z ′ [27], another

massive neutral boson involved in the flavour changing, or such

as leptoquarks [28]. The indirect nature of their production in the

decay makes it possible to consider mediators with masses much

higher than the energy scale of the decay.

Moreover, the B → K(∗)νν̄ decays are also a great test of LFU.

Even considering that the reconstruction of the dineutrino system is

flavour-blind, it is possible to construct a band of allowed values for

the branching ratio of B+ → K+νν̄ and B0 → K∗0νν̄ decays out-

side of which LFU would be violated [29], as shown in Figure 1.4.

Indeed, in the framework of the SMEFT, one can relate dilepton

decays to dineutrino decays, hence providing a bridge between the

flavour-blindness and the actual lepton flavours. It is then possi-

ble to rewrite the expression of the effective Hamiltonian and the

branching fractions in order to obtain the band presented [30, 31],

0 10 20 30
B
(
B+ → K+νν̄

)
· 106

0

10

20

B
( B

0
→

K
∗0
ν
ν̄
) ·

10
6

LU region
EFT region
excl. B

(
B0 → K∗0νν̄

)

B
(
B+ → K+νν̄

)
BelleII

SM

Figure 1.4: Branching ratio of
B+ → K+νν̄ and B0 → K∗0νν̄

decays with the band of al-
lowed values if LFU is verified
in red. The orange band cor-
responds to the current state
of the art measurement of the
B+ → K+νν̄ branching ratio
with its 90% Confidence Level
(CL) [29].

At lower energy, we can consider any invisible particle in the

final state. Indeed, current collider experiments do not detect the

neutrinos produced by the decay. This means that any measure-

ment of B → K(∗)νν̄ branching ratio includes all B → KX modes,

where X is any invisible particle, such as dark matter or light new

particles [32].

Further discussions on the possible NP contributions to B →
K(∗)νν̄ decays can be found in [33].

1.5 State of the art

The B → K(∗)νν̄ decays are powerful probes for various NP mod-

els. Another point of interest is also the experimental challenges

they pose. Indeed, the presence of two neutrinos in the final state,

with a single kaon as our visible particle, makes it impossible to re-

construct the decay kinematics fully; hence, it is a very challenging

measurement, and only a few experiments can perform it.

Various experiments have searched for the B → K(∗)νν̄ decays

so far; the most recent ones are: Belle, BaBar, and Belle II. All three

experiments are e+e− colliders operating at the Υ(4S) resonance,

which decays almost exclusively into BB̄ pairs. More details about

why we need those specific apparatus are given in Chapter 2.
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Because of the inherent difficulty of the task, most of the results

are upper limits, summarised in Table 1.1. The tagging refers to the

strategy used to perform the analysis. A detailed explanation of

what each type of tagging is and how they work can be found in

Section 3.2.

The latest results come from the Belle II collaboration, using a

luminosity of 362 fb−1. It established evidence for the B+ → K+νν̄

decay, with a significance of 3.5 standard deviations with respect

to the background-only hypothesis, and a 2.7 standard deviation

above the SM prediction [5], with a branching ratio of:

B(B+ → K+νν̄) = (2.3 ± 0.7) × 10−5 (1.50)

The current status of the experimental results is summarised in

Figure 1.5.

Experiment L [fb−1 ] Tagging Mode Limit at 90% CL

BaBar [34] 418 SL K+ < 1.3 × 10−5

K0 < 5.6 × 10−5

BaBar [35] 429 HAD K+ < 3.7 × 10−5

K0 < 8.1 × 10−5

K∗+ < 11.6 × 10−5

K∗0 < 9.3 × 10−5

BaBar [35] 429 HAD + SL K+ < 1.6 × 10−5

K0 < 4.9 × 10−5

K∗+ < 6.4 × 10−5

K∗0 < 12 × 10−5

Belle [36] 711 HAD K+ < 5.5 × 10−5

K0
S < 9.7 × 10−5

K∗+ < 4.0 × 10−5

K∗0 < 5.5 × 10−5

Belle [37] 711 SL K+ < 1.9 × 10−5

K0
S < 1.3 × 10−5

K∗+ < 6.1 × 10−5

K∗0 < 1.8 × 10−5

Belle II [38] 63 INC K+ < 4.1 × 10−5

Table 1.1: Summary of the
main experimental results for
the B → K(∗)νν̄ decays. The
limits are given at 90% Confi-
dence Level (CL). The tagging
used is Semileptonic (SL),
Hadronic (HAD) and Inclusive
(INC) tagging, as well as com-
binations of measurements.
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0 2 4 6 8 10105 × Br(B+→K + νν̄)

Average1.3±0.4

BaBar (429 fb-1, hadronic)1.5 ± 1.3   PRD87, 112005
BaBar (418 fb-1, semileptonic)0.2 ± 0.8   PRD82, 112002
Belle (711 fb-1, hadronic)2.9 ± 1.6   PRD87, 111103
Belle (711 fb-1, semileptonic)1.0 ± 0.6   PRD96, 091101
Belle II (63 fb-1, inclusive)1.9 ± 1.5   PRL127, 181802
Belle II (362 fb-1, inclusive)2.7 ± 0.7   This analysis, preliminary
Belle II (362 fb-1, hadronic)1.1 ± 1.1   This analysis, preliminary
Belle II (362 fb-1, combined)2.3 ± 0.7   This analysis, preliminary

SM0.497 ± 0.037 Figure 1.5: Summary plot
presenting the current exper-
imental results for the mea-
surements of the B → K(∗)νν̄

decays [5].
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In the following chapter, especially in Section 2.1, we will de-

scribe what apparatus could allow us to measure the B → K(∗)νν̄

decay and what key performances are needed. This will naturally

lead us to present the SuperKEKB accelerator and the Belle II detec-

tor. Belle II is an experiment built on the SuperKEKB accelerator in

Tsukuba, Japan. It is designed to study the properties of B mesons.

The experiment aims to investigate the phenomenon of Charge-

Parity (CP) violation and to search for signs of NP beyond the SM.

We will first describe the SuperKEKB accelerator, in Section 2.2,

which will allow us to talk more about the collisions of interest and

their pros regarding the B → K(∗)νν̄ decays. We will then present

the Belle II detector, in Section 2.3, which is used to detect and char-

acterise the particles produced in these collisions. We will finally

cover the Belle II Analysis Software Framework (Section 2.4),
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and how the simulation (Section 2.5) or the reconstruction (Sec-

tion 2.6) are done using this software framework.

2.1 The challenges: building the ideal experiment

The B → K(∗)νν̄ decays are characterised by two neutrinos in the fi-

nal state and a single kaon as the only visible particle, which makes

their reconstruction and selection very challenging. While a two-

body decay or a three-body decay with one invisible particle can

be fully reconstructed kinematically using energy and momentum

conservation, this is not possible for a decay with two invisible

particles. In this state, the signal decay cannot be reconstructed

without additional constraints. The first challenge is therefore to

find a way to constrain the signal kinematics. An ideal environment

to study such decays would be an e+e− collider operating at the

Υ(4S) resonance, which decays almost exclusively into BB̄ pairs.

In this case, the presence of two B mesons in the event can be used

to constrain the kinematics of the signal decay, from the Bsig, by

reconstructing the second B meson in the event, referred to as the

Btag.

Moreover, e+e− → Υ(4S) colliders solve another challenge

for the analysis: as our only reliable signal signature is a single

kaon, we need a clean environment that can only be provided by

lepton-lepton colliders, since lepton-hadron or hadron-hadron

colliders would produce many extra particles. By knowing the four-

momentum of the Υ(4S) and with only the Bsig and the Btag in the

event, we could infer the four-momentum of the signal decay and

reconstruct its kinematics. This technique, known as tagging, is a

powerful tool for studying decays with multiple invisible particles

in the final state.

The third challenge is the low kinematic constraints on the

signal-side kaon. To reliably identify the signal decay, it is cru-

cial to have a hermetic detector with excellent particle identification

capabilities. The detector’s hermeticity ensures that all visible par-

ticles in the event are reconstructed, so that missing energy and

momentum can be properly attributed to the neutrinos from the

signal decay. Excellent particle identification is needed to separate

the signal kaon from other particles, such as pions, which may be

present in the event.

Finally, since missing energy is a key variable in the analysis, it

is crucial to have a detector with excellent calorimetric capabilities

to accurately measure the energy of all visible particles in the event,

especially neutral particles like photons and neutrons, which do not
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leave tracks in the tracking system. Any mismeasurement of the en-

ergy of these particles can lead to incorrect estimates of the missing

energy and significantly impact the sensitivity of the analysis.

From this description, only one experiment currently in oper-

ation meets all these requirements: the Belle II experiment at the

SuperKEKB e+e− collider in Japan. The following sections will de-

scribe how Belle II meets these challenges and how the detector is

used in the B → K(∗)νν̄ analysis.

2.2 The accelerator: SuperKEKB

As specified, SuperKEKB is an electron-positron collider located at

the KEK laboratory in Tsukuba, Japan [39]. It is designed to operate

at the centre-of-mass energy of 10.58 GeV, hence producing Υ(4S)
mesons that decay into BB̄ pairs. Electrons are accelerated in the

high-energy ring to an energy of 7.007 GeV, while positrons are

accelerated in the low-energy ring to an energy of 4.000 GeV, before

colliding at the Interaction Point (IP) inside the Belle II detector.

Because of the energy asymmetry between the two beams, the

resulting Υ(4S) mesons are produced with a Lorentz boost:

βγ =
1
2

Ee− − Ee+√
Ee−Ee+

≈ 0.28 (2.1)

which helps in the reconstruction of decay vertices, since otherwise

both B mesons would decay too close to each other to be distin-

guished.

While the e+e− → Υ(4S) is the process of interest, other pro-

cesses, called beam-beam backgrounds, also occur at the same

centre-of-mass energy, as reported in Table 2.1. Additionaly, the col-

lider can operate at different centre-of-mass energies, between the

Υ(1S) (9.46 GeV) and the Υ(11020) (11.00 GeV) [19], and can run up

to 11.24 GeV [40]. Events where the collider does not operate at the

Υ(4S) resonance are referred to as off-resonance events. Those types

of events are used to study the background processes that do not

involve BB̄ production, such as the continuum processes e+e− →
qq̄(γ), where q = u, d, s, c. Other highly probable processes, includ-

ing Touschek scattering and beam-gas interactions, can occur and

are called single-beam machine-induced backgrounds.

Process Cross section (nb)

e+e− → Υ(4S) 1.110

e+e− → uū(γ) 1.61
e+e− → dd̄(γ) 0.40
e+e− → ss̄(γ) 0.38
e+e− → cc̄(γ) 1.30

e+e− → e+e−(γ) 3.00 × 102

e+e− → µ+µ−(γ) 1.148
e+e− → τ+τ−(γ) 0.919
e+e− → γ+γ−(γ) 4.99

Table 2.1: Main processes oc-
curring at the SuperKEKB
collider at a centre-of-mass en-
ergy of 10.58 GeV, along with
their cross sections [41].

Finally, another important aspect of SuperKEKB is its targeted

high integrated luminosity. Indeed, the higher the integrated lumi-

nosity, the higher the statistics, which is crucial for rare decays such

as B → K(∗)νν̄. Currently, SuperKEKB has reached a peak lumi-

nosity of 5.1 × 1034 cm−2s−1 [42]. The entire integrated luminosity
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registered by Belle II as of the 16th of December 2025 is shown in

Figure 2.1, amounting to a total of 589.89 fb−1 [43].

Figure 2.1: Total integrated lu-
minosity recorded per day and
overall by the Belle II detector
since the start of data taking in
2019 up to the 4th of July 2026

[43].

2.3 The detector: Belle II

The Belle II detector is located at the IP of SuperKEKB to detect

and characterise the particles produced in the e+e− collisions. To

account for the Lorentz boost, the detector is slightly asymmetric,

with forward and backward regions (endcaps), and the forward

endcap being slightly larger. Within its barrel-shaped structure, it

is composed of several sub-detectors arranged in layers around the

IP, each designed to measure different properties of the particles

for their detection and identification. From the innermost to the

outermost layers, the main sub-detectors of Belle II are [44]:

• The Vertex Detector (VXD), comprises two devices (Pixel Detec-

tor (PXD) and Silicon Vertex Detector (SVD)), used to measure

the decay vertex positions.

• The Central Drift Chamber (CDC), a large cylindrical drift cham-

ber that provides tracking and momentum measurement for

charged particles.

• A Particle Identification (PID) system, composed of two detec-

tors:

- The Time Of Propagation (TOP) counters in the barrel region,

based on Cherenkov radiation to identify charged particles

based on their velocity.

- The Aerogel Ring-Imaging Cherenkov (ARICH) detector in

the forward endcap, also based on Cherenkov radiation for

particle identification.

• The Electromagnetic Calorimeter (ECL), an electromagnetic

calorimeter used to measure the energy of electrons and photons.

• The KL and Muon detector (KLM), a detector for K0
L mesons and

muons.

A schematic view of the sub-detectors is presented in Figure 2.2.

Figure 2.2: Diagram of the
Belle II detector and its sub-
detector components [45].

Those sub-detectors are enclosed in a superconducting solenoid

that provides a magnetic field of 1.5T, which allows the measure-

ment of the charge and momentum of charged particles by ob-

serving their curvature in the magnetic field. Finally, Belle II is

equipped with a triggering scheme to reject uninteresting events.

We will now give more details about the PID system and ECL,

and how they are useful for the B → K(∗)νν̄ analysis.
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2.3.1 Particle identification system (TOP and ARICH)

As specified, the role of the Time Of Propagation (TOP) and Aero-

gel Ring-Imaging Cherenkov (ARICH) detectors is to identify the

charged particles produced in the collisions. In our case, we want

to have good discrimination between kaons and pions. Both detec-

tors rely on the Cherenkov effect. Indeed, when a charged particle

travels through the quartz of the TOP, or the aerogel of the ARICH,

at a speed greater than the speed of light in that medium, it emits

Cherenkov photons. The general principle of particle identification

is to measure the emission angles of the Cherenkov photons and to

deduce the velocity of the particle using:

β =
1

n cos θC
(2.2)

where n is the refractive index of the aerogel and θC is the Cherenkov

angle. Combining this velocity measurement with the momentum

measurement from the CDC, one can determine the mass of the

particle and hence its identity.

In the case of the TOP, the Cherenkov photons are internally

reflected within a quartz radiator and detected by an array of pho-

todetectors at the end of the bar. The particle type is then deter-

mined by comparing the photons’ hit patterns, both temporal and

spatial, in the TOP module with Probability Density Function (PDF)

templates for different particle hypotheses (e.g., pion and kaon). A

schematic view of the TOP principle and particle identification is

shown in Figure 2.3. In order to have a proper separation between

kaons and pions, a minimum single photon temporal resolution

of 100ps is necessary. This is largely achieved by the TOP module

which has a timing accuracy of approximately 50ps [46]. The TOP

detector has an 85% kaon identification efficiency for a 10% pion

misidentification rate [46].
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Figure 2.3: Schematic represen-
tation of Cherenkov radiation
paths from a kaon and a pion
passing through the TOP mod-
ule. Adapted from [47]
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For the ARICH, the Cherenkov photons are emitted in the aero-

gel and directly detected by an array of photodetectors (Hybrid

Avalanche Photo-Detectors, HAPDs). Then, a similar method as for

the TOP is used to identify the particle by comparing the detected

photons’ hit patterns with PDF templates for different particle hy-

potheses. A schematic view of the ARICH principle is shown in

Figure 2.4. The ARICH detector has a 95% kaon identification effi-

ciency with a 10% pion misidentification rate [48].

Figure 2.4: Schematic represen-
tation of the ARICH detector
principle [49].

2.3.2 Electromagnetic calorimeter

The ECL is designed to detect photons, measure their energy and

angular coordinates, as well as to identify electrons with respect to

other hadrons like pions. It is composed of 8736 thallium-doped ce-

sium iodide (CsI(Tl)) crystals arranged in a barrel and two endcaps,

covering a polar angle range from 12.4◦ to 155.1◦, which represents

about 90% of the solid angle in the centre-of-mass frame [41]. When

a high-energy particle enters the ECL, it interacts with the CsI(Tl)

crystals and produces an electromagnetic or hadronic shower, a

cascade of secondary particles that deposit their energy in the crys-

tals. The scintillation light produced by the CsI(Tl) crystals is then

detected by photodiodes attached to each crystal, converting the

light into an electrical signal proportional to the energy deposited.

However, the energy is generally deposited over multiple crystals,

forming a cluster.

Only about 0.2% of the photons fail to leave a detectable signal

in the ECL [50], for an energy resolution σE
E of 4% at 100 MeV and

1.6% at 8 GeV. The low number of undetected photons and the

good energy resolution is of key interest in the B → K(∗)νν̄ analysis,

where we want to reconstruct events with missing energy due to

the neutrinos, so we should not omit any energy contribution from

neutral particles.

2.4 The software framework: basf2

Once the data is collected by the Belle II detector, it needs to be pro-

cessed and analysed. For this purpose, the Belle II collaboration has

developed a software framework called basf2 [51]. This framework

is designed to handle all aspects of data processing, from raw data

acquisition to high-level physics analysis. It is built using modern

programming practices and is modular, allowing for easy integra-

tion of new algorithms and tools. Modules are written either in C++

or Python, but external libraries can also be interfaced, like Pythia
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[52] and EvtGen [53] for simulation, or ROOT [54] for data storage

and handling.

2.5 The simulation: modelling the physics

Monte Carlo (MC) methods are widely used at Belle II to simulate

physics processes and detector response. The basf2 framework

provides a comprehensive suite of tools for detector simulation,

using the Geant4 software [55], and for generating MC events. The

simulation begins by generating the physics process of interest,

such as the e+e− collision, and the immediate particle decays, be-

fore passing the particles through a detailed model of the Belle II

detector.

Cross-sections of possible events in the e+e− collision at the 10.58

GeV centre-of-mass energy were already given in Table 2.1. After

the e+e− collision, three generators are used depending on the

event type:

• EvtGen 1.3 [53] is used for exclusive B and D meson decays.

• KKMC 4.15 [56] is used for generating τ pairs, while TAUOLA han-

dles their decay [57].

• PYTHIA 8.2 [58] is used for inclusive decays and continuum

production.

Beam-beam backgrounds, such as Bhabha scattering and two-

photon events 1, are also simulated to model detector background 1 e.g. e+e− → e+e− (γ) and e+e−

→ γγ(γ)conditions, using BABAYAGA.NLO [59]. Finally, non-radiative four

fermion processes 2 are generated using AAFH [60]. 2 e.g. e+e− → e+e−e+e− and e+e− →
e+e−µ+µ−

An exclusive, non-exhaustive list of inclusive decays to be gen-

erated, along with their branching ratios, is provided in a decay

table. Any final state not included in the decay table is handled by

PYTHIA, while making sure to avoid double counting.

Single-beam machine-induced backgrounds are directly extracted

from the detectors, run-by-run, and overlaid on the physics events

to accurately represent the detector conditions during data taking

[61].

After that, the 4-momenta of the generated particles are passed

to Geant4, which simulates their interactions with the detector

material, including energy loss, multiple scattering, and secondary

particle production.
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2.6 The reconstruction: from the bits to the decay

The reconstruction process at Belle II involves converting the raw

data collected by the detector, i.e. the position and electric charge

when it is relevant, also called low-level objects, into meaningful

physics objects, such as tracks, clusters, and identified particles, also

called high-level objects. This process is crucial for analysing the

events and extracting the underlying physics. The basf2 frame-

work provides a comprehensive suite of tools for reconstructing

the events from the raw data. This processing is done for both real

data and simulated data, ensuring consistency between the two. For

simulated data, one also has access to the true information, which

provides details about the generated particles and their interactions

with the detector, allowing for deeper analyses.

2.6.1 Tracks reconstruction

The first step in the reconstruction process is to identify and re-

construct the tracks of charged particles. This is done using the

information from the VXD and CDC detectors. The hits in these de-

tectors are clustered together to form track candidates by applying

pattern recognition algorithms, a step called track finding. Different

algorithms are used for VXD and CDC since the features of the hits

are different in each detector. Both track candidates in the VXD and

CDC are then merged according to the proximity of their extrapo-

lated trajectories to form complete tracks. The new track candidates

are then fitted using a Kalman filter algorithm, the deterministic

annealing filter, to determine the particle’s trajectory, momentum,

and charge [62, 63].

2.6.2 Calorimeter reconstruction

The next step is to reconstruct the energy deposits in the ECL.

The reconstruction starts with an array of energy deposits, from

which we only take crystals with an energy deposit above a certain

threshold (typically 10 MeV). All nearest neighbours with an energy

deposit above 0.5 MeV are added, while merging the regions if

two connected regions share common crystals. We then search for

the local maximum in a given connected region, from which we

consider the shower started, allowing us to compute the timing at

which the particle arrived, as well as its energy. This is how clusters

in the calorimeter are reconstructed. The potential tracks from the

CDC are then extrapolated to the ECL before associating a given

track candidate to a cluster in the ECL [50].
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2.6.3 Charged particle identification

As specified in Section 2.3.1, the PID system provides useful infor-

mation for charged particle identification. Moreover, for charged

hadrons, measurements of the stopping power
(〈

−dE
dx

〉)
from the

SVD and CDC are also used, since it also depends on the particle

momentum. For the electrons, additional information from the ECL

is used, while for muons, we also rely on the dedicated KLM.

Each detector provides an independent likelihood for each

charged particle hypothesis 3, which can then be combined into 3 i.e. kaon, pion, electron, muon,
proton and deuterona global likelihood per hypothesis i ∈ {K, π, e, µ, p, d}, written Li,

and tested via a likelihood ratio test to determine the identity of the

particle:

PIDi =
Li

∑j Lj
(2.3)

where j spans over all the charged particle hypotheses mentioned.

However, a recent approach using machine learning techniques

has been developed to improve the charged particle identification

performance at Belle II [64]. The idea is to use a Neural Network

(NN) to which we give the log likelihoods for each charged particle

hypothesis from each sub-detector, charge and track momentum

as inputs, and the algorithm returns as outputs the probabilities

for all hypotheses. The results shown in Figure 2.5 indicate an im-

provement in the performance of the kaon identification efficiency

versus pion mis-identification rate when using the NN approach

compared to the previous global likelihood method, even when

training on all six hypotheses.

Figure 2.5: Kaon identifica-
tion efficiency versus pion
mis-identification rate for
the global likelihood method
(no NN), the NN trained on
simulation and on data for
kaon-pion hypotheses, as well
as the NN trained on simula-
tion but with all 6 hypotheses
as output [64].

In the following analysis, we will use these new PIDs as recom-

mended by the collaboration and since it performs very well on

kaon and pion separation, which is important for our study.

2.6.4 Neutral particle identification

For neutral particles, namely photons and neutral hadrons, the

identification is done using ECL information (and KLM for the KL).

First, every track matched to a cluster is removed from the list of

clusters in the ECL, as they correspond to charged particles. The

photon-hadron separation is then done by looking at the shower

shapes and by using pulse shape discrimination. Indeed, the scin-

tillation pulse is different for high-energy particles compared to

photons, as one can see in Figure 2.6. This observation allows us to

define a new variable for hadronic cluster identification [65]. The

discrimination power of this new variable is shown in Figure 2.7,
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showing a clear discrimination of photons with respect to neutral

hadrons.

Figure 2.6: Comparison of the
scintillation pulse shapes for
photons and alpha particles in
CsI(Tl) crystals [66].
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In this chapter, we introduce all the tools required to carry out

the B → K(∗)νν̄ analysis with the data and simulations obtained

by the Belle II experiment. The first tool of interest is binary clas-

sifiers and, more specifically, Boosted Decision Tree (BDT), which

are used to discriminate between two classes of events, generally

signal and background (Section 3.1). Then, we introduce the Full

Event Interpretation (FEI) algorithm (Section 3.2), which is used

to reconstruct the Btag meson in the event that allows us to do the

tagging and infer properties on the Bsig. After that, we define useful

variables to discriminate signal and backgrounds, which we will
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use as variables in our BDT (Section 3.3). For further studies and

systematic uncertainties, we need to give some elements of theory

on covariance matrices (Section 3.4). We then proceed to explain

the concept of blind analysis (Section 3.5), and how this impacts the

way we do ours. Finally, we explain the tools for signal extraction

(Section 3.6) and how to do systematic inferences, such as limit de-

termination (Section 3.7) and uncertainties estimation (Section 3.8).

3.1 Binary classification

For the analysis, we will need to perform binary classification. The

obvious example will be for signal and background separation, but

we will have other uses for it. Binary classification is the task of

discriminating between two classes. For the generalities, let’s call

the class of a given event C and the two classes 0 and 1. Each event

can be represented by a set of Nv ∈ N∗ features x ∈ RNv , and its

class C ∈ {0, 1}.

We want an algorithm that, given the features of an event, can

predict its class C ′. In this analysis, we will use the BDT algorithm.

These are a type of supervised learning algorithm, which means

they need a training dataset and a loss function to optimise. The

loss function quantifies the “distance” between the predicted class

C ′ and the true class C. Typically, for binary classification, the loss

function is the binary cross-entropy, which is defined as [67]

L(C, C ′) = − 1
N

N

∑
i=1

[
Ci log

(
C ′

i
)
+ (1 − Ci) log

(
1 − C ′

i
)]

, (3.1)

This choice is motivated by the fact that it is the negative log-

likelihood of the binomial distribution, which is exactly what we

want to model. To discuss BDT specifically, we first need to intro-

duce decision trees.

3.1.1 Decision tree algorithm

The decision tree algorithm is a simple algorithm that can be used

for classification. It recursively splits the data into subsets in a di-

chotomous way, based on the value of a single feature at each node,

generally obtained by fitting a simple model to the data [67]. This

procedure is repeated until a stopping criterion is met, such as a

maximum depth of the tree or when no further splits are beneficial.

The terminal nodes of the tree are called leaves, and they are as-

signed a weight computed from the training samples that reach that

leaf. An illustration of a decision tree is shown in Figure 3.1.
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Figure 3.1: Schematic represen-
tation of a decision tree. Each
node represents a split of the
data based on the value of a
single feature.

Finally, for a given event with features x, the estimated class C ′

is a function of the weight w(x) ∈ R of the leaf that x falls into.

Typically, this function is a sigmoid function:

C ′(x) =
1

1 + e−w(x)
(3.2)

which is between 0 and 1, and can be properly interpreted as a

probability.

However, decision trees are not very powerful on their own, and

they are prone to overfitting, i.e. being too fine-tuned to the training

data. This is why the BDT algorithm comes in.

3.1.2 Boosted decision trees

Boosting is a technique that combines multiple weak learners to

build a stronger learner. In the case of boosting, this is done in a

sequential way, meaning that each new learner is trained to cor-

rect the residual errors of the previous learner. Moreover, data are

weighted so that the misclassified events are given more importance

in the next iteration. The final prediction is then a weighted sum

of the predictions of all the learners. In the case of BDT, the weak

learners are decision trees.

In the following, we will not use BDT strictly speaking but

gradient-boosted decision trees from the XGBoost library [68]. Instead

of simply passing the residuals to the next learner, this algorithm

passes both the gradient and the Hessian of the loss function.

3.1.3 Performances

There are two main performance metrics we want to look at for

the BDT. The first one is the quality of the classification task itself.
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The second one is the overfitting, which is the phenomenon where

the model performs well on the training data but poorly on unseen

data.

For the classification task1, there are many possible metrics. All 1 i.e. the qualification of the event as a
“background” or a “signal”of them are defined via the confusion matrix, which is a 2 × 2 matrix

that contains the number of true positives TP, true negatives TN,

false positives FP and false negatives FN. The metric of interest for

us is the F1 score:

F1 =
2TP

2TP + FP + FN
(3.3)

For overfitting, use a test dataset, which is not used for training

and is used to evaluate the model’s performance. If the perfor-

mance on the test dataset is significantly worse than the perfor-

mance on the training dataset, conclude that there is overfitting.

3.1.4 Hyperparameters

The parameters defining the structure and the training of the BDT

are called hyperparameters. The hyperparameters of interest for

this analysis are the following:

• The maximum depth of the trees (max_depth)

• The number of trees to be built (n_estimators)

• The learning rate, which controls how much each new tree con-

tributes to the final prediction (learning_rate)

• The subsample ratio of the training dataset, which controls the

fraction of the training data that is used to grow each tree, to

limit overfitting (subsample)

• The minimum loss reduction required to make a further partition

on a leaf node of the tree (gamma)

• Regularisation parameter to control the complexity of the trees

and prevent overfitting (reg_lambda)

As each of these hyperparameters controls both the training time

and the performance of the model, such as overfitting, we need to

properly tune them. This is done by using the Optuna package [69],

and by optimising the hyperparameters to maximise the F1 score.

3.1.5 Feature importance

We use the Shapley values [70] and the SHAP package [71] for feature

importance.
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The Shapley values are a concept from cooperative game theory,

answering the question: how to fairly reward players in a coalition

for their contributions? If we consider a set N of n ∈ N players,

a reward function v and a coalition of players S ⊆ N, the Shapley

value of a player i ∈ S is defined as:

φi(v) = ∑
S⊆N\{i}

|S|!(n − |S| − 1)!
n!

[v(S ∪ {i})− v(S)] (3.4)

This can be interpreted as the average contribution of player i
to all possible coalitions of players. To apply it to BDTs, we can

simply replace the players with the features of our model, and the

reward with the model’s prediction. The higher the Shapley value,

in absolute value, the greater the impact of an input feature for the

BDT to decide if the event is more "signal-like" or "background-

like". The sign then indicates if it is the former or the latter. The

ranking is done by computing the correlation between the feature

values and their Shapley values, in other words, how many times

did a feature was decisive when the BDT made a decision. This

is best seen in "beeswarm" plots, where all the training data points

are shown, feature per feature, with the correlation between the

Shapley value and the actual feature value. Examples are shown in

Figure 5.4, Figure 5.5 and Figure 5.7.

This then gives us a way to quantify the contribution of each

feature to the model’s prediction in a way that is both reliable and

explainable.

3.2 Full Event Interpretation

As explained in Section 2.1, the knowledge of the four-momentum

of the Υ(4S) and the presence of only two B mesons in the event

allow us to constrain the kinematics of the signal decay by recon-

structing the Btag. Any reconstructed object, i.e. tracks and clusters,

not assigned to the Btag should thus be attributed to the Bsig. At

Belle II, this tagging is performed by the FEI algorithm [72].

Tagging refers to the process of reconstructing the Btag and in-

ferring the properties of the Bsig. This is an exclusive approach by

construction, as the Btag is reconstructed in specific decay chan-

nels. The other type of approach is called inclusive “tagging”, even

if it is not really tagging as it does not reconstruct the Btag. There

are two types of exclusive tagging: hadronic and semileptonic. Both

approaches are possible with the FEI.

The algorithm is built on a hierarchical six-stage approach, as

illustrated in Figure 3.2. It starts with tracks, clusters, and vertices
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information, which are further used to reconstruct the final state

particles, such as π±, K±, γ. . . . Then intermediate particles are re-

constructed with these final state particles, and it iterates with six

stages in total until the B meson reconstruction. Each candidate

can come from multiple decay channels, e.g. B+ may come from

B+ → D0π+ or B+ → D0π+π0, and the same for the D0 and so

on. Each candidate is assigned a probability of being properly re-

constructed, called SignalProbability, estimated by a multivariate

classifier. For each possible final state particle and decay channel of

a given intermediate state particle, a BDT is trained. Following the

hierarchical approach, the output of the classifiers of the previous

stage is given as input to the next stage until a single probability is

assigned to each B candidate.
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0
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+
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Figure 3.2: Schematic overview
of the FEI six stages. Each
node represents a multivariate
classifier, and each edge rep-
resents a relationship between
them. This builds a complete
network of classifiers [72].

There are three main figures of merit for the FEI:

• Tagging efficiency: the fraction of Υ(4S) events which can be

tagged, i.e. for which a Btag candidate is reconstructed;

• Tag-side efficiency: the fraction of Υ(4S) events for which the

tag is correct;

• Tag-side purity: the fraction of tagged Υ(4S) events with a cor-

rect tag.

In theory, accounting for all the intermediate particles and the

combinatorics, the FEI can reconstruct O
(
105) different decay

chains. However, in the context of this analysis, only some semilep-
tonic decay channels of the Btag are considered: B → D(∗)ℓνℓ and

B → D(∗)ℓνℓπ
0 with ℓ ∈ {e, µ}. The tag-side efficiency for the FEI

on these semileptonic channels is about 1.8% [72].

Each tagging approach (hadronic, semileptonic and inclusive)

offers advantages and disadvantages. This can be reduced to a

trade-off between tag-side purity, the probability of the Btag being

correct, and tag-side efficiency, due to the kinematic constraints.

This is summarised in Figure 3.3.

3.3 Discrimating variables

In this section, we will describe important variables for the analysis.

These variables will be useful to discriminate between signal and

background, either by themselves or used as features for a BDT.
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Figure 3.3: Tagging efficiency
vs purity for the different tag-
ging approaches. The hadronic
approach offers the highest pu-
rity and the highest kinematic
constraints, while the inclusive
approach offers the highest
efficiency. The semileptonic ap-
proach is in between, offering a
good compromise between the
two.

3.3.1 Angular distribution of a semileptonic decay

As specified in Section 3.2, this analysis relies on semileptonic de-

cays of the Btag. Hence, we will have a system of the type B →
Y + ν where Y is the non-neutrino system, in our case D(∗)ℓ. Be-

cause of energy and momentum conservation:

(pB − pY)
2 = m2

ν (3.5)

where pB and pY are the four-momenta of the Btag and the hadronic

system, respectively, and mν is the mass of the neutrino. Let’s con-

sider mν = 0. Then Equation (3.5) becomes:

m2
B + m2

Y − 2EBEY + 2| p⃗B|| p⃗Y| cos (θBY) = 0 (3.6)

where cos (θBY) is the cosine of the angle between the directions of

the Btag and the hadronic system. Rearranging the equation, we can

express cos (θBY) as:

cos (θBY) =
2EBEY − m2

B − m2
Y

2| p⃗B|| p⃗Y|
(3.7)

This variable is very useful to discriminate Dℓν events from back-

grounds, because for events where the missing particle is not a

neutrino, cos (θBY) can take unmathematical values (i.e. outside the

range [−1, 1]), since (pB − pY)
2 would not be equal to zero. How-

ever, due to resolution effects, even for signal events, this variable

can take values outside the range [−1, 1].

3.3.2 Topological variables

BB̄ events have a very different topology from continuum events.

Indeed, BB̄ events are produced almost at rest in the Υ(4S) frame,

since the Υ(4S) mass is just above the BB̄ production threshold, so

their decays are isotropic. While for qq̄ events, since they are pro-
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duced with a higher momentum, they have a more jet-like topology.

This is illustrated in Figure 3.4. Hence, variables based on the event

topology, such as Fox-Wolfram moments [73], are very useful for

signal and background separation.

q̄

q

z

Continuum

p(q) ≈ 5 GeV/c
e+e− → qq̄ (q ∈ {u, d, s, c})

B B̄

z

BB̄ pair

p(B) ≈ 0.3 GeV/c
e+e− → Υ(4S) → BB̄

Figure 3.4: Schematic repre-
sentation of the topology of a
BB̄ event and a qq̄ event in the
Υ(4S) frame. The BB̄ event has
an isotropic topology, while
the qq̄ event has a more jet-like
topology.

Fox-Wolfram moments are defined, for N particles with mo-

menta ( p⃗i)i∈J1,NK, as [74]:

Hl = ∑
(i,j)∈J1,NK2

| p⃗i|| p⃗j|Pl
(
cos

(
θij
))

(3.8)

where Pl is the Legendre polynomial of order l ∈ N, and θij is the

angle between the momenta of particles i and j. A useful variable

directly derived from the Fox-Wolfram moments is the ratio

R2 =
H2

H0
(3.9)

which will be used in the analysis for continuum suppression.

To further improve the discrimination power of the Fox-Wolfram

moments, the Belle collaboration has developed a modified version

of them using Fisher discriminants, called Kakuno-Super-Fox-

Wolfram (KSFW) variables [74]. To define them, we first need to

separate the particles in the event into two categories: Bsig daugh-

ters (denoted s, for signal) and the Rest Of Event (ROE), i.e. the

particles left after the Bsig reconstruction (of symbol o, for other).

There are then 2 possibilities:

• so moments, between the B meson daughters and the ROE

• oo moments, between the particles in the ROE

There are then 2 categories of ROE particles: charged c and neu-

tral n. To those, we can add a third category corresponding to the



3.4. COVARIANCE MATRICES 39

missing momentum of the event m2. The so KSFW variables are 2 obtained by subtracting the momen-
tum of all reconstructed particles from
the total momentumthen defined, for a particle of category k ∈ {c, n, m}, as [75]:

Hso
k,l =

1
Z ∑

i∈s
∑
j∈k

Cl
ij
∣∣ p⃗j
∣∣Pl
(
cos

(
θij
))

(3.10)

where:

• Z = 2
(√

s − E∗
B
)

is a normalisation factor, with
√

s the centre-of-

mass energy and E∗
B the energy of the B meson in the centre-of-

mass frame

• Cl
ij ∈ {−1, 0, 1} is the product of the charge of particle i and the

charge of particle j if l is odd, and 1 otherwise

and the rest of the notations are the same as in Equation (3.8). Simi-

larly, the oo KSFW variables are defined as:

Hoo
k,l =

1
Z2 ∑

i∈k
∑
j∈k

Cl
ij|pi|

∣∣pj
∣∣Pl
(
cos

(
θij
))

(3.11)

We can add another type of topological variables based on the

thrust of the particles. The thrust axis T⃗ is defined as the unit vector

along which the projection of the momenta of the particles is max-

imised [74]. From this thrust axis we can define cosTBTO, defined

between 0 and 1, which is the cosine of the angle between the thrust

axis of the B meson candidate and the thrust axis of the ROE. For

BB̄ events, the thrust axis of the B meson candidate and the thrust

axis of the ROE are uncorrelated, so cosTBTO is expected to be uni-

formly distributed3. On the other hand, for qq̄ events, the two axes 3 as it is distributed on a sphere
parametrised by (r, cos (θ) , ϕ), so
the uniformity will be on the cosine of
the angle, not the angle itself

are more likely to be aligned, so cosTBTO is expected to peak at 1.

This clear separation between the two types of event makes this

variable very useful for continuum reduction.

3.4 Covariance matrices

For future studies, we will need to use the covariance matrix and

some notions from random matrix theory. Let’s imagine we have m
events with n features each. The covariance matrix of the random

array X = (x1 . . . xm), with xi ∈ Rn for i ∈ J1, mK, is a n × n matrix

defined as:

Σ =
1
m

[
(X − E[X])(X − E[X])T

]
(3.12)

Since Σ is a symmetric matrix with real elements, the spectral

theorem applies, and we can diagonalise it. Hence, there exists an
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orthogonal matrix P, of unit eigenvectors (pi)i∈J1,nK, and a diag-

onal matrix S2 of ordered (from smallest to largest) eigenvalues(
σ2

i
)

i∈J1,nK such that:

Σ = PS2PT =
n

∑
i=1

σ2
i pi pT

i (3.13)

This decomposition is typical of principal component analysis,

which is a technique used to reduce the dimensionality of a dataset

while preserving as much of the variance as possible. If the eigen-

values are distributed evenly, we can only keep t eigenvectors with

the largest eigenvalues, considering only the diagonal elements for

the others:

Σ ≈
n

∑
i=n−t

σ2
i pi pT

i + diag

(
n−t

∑
i=1

σ2
i pi pT

i

)
(3.14)

The number t of eigenvectors to keep can be defined either arbi-

trarily or as the number of eigenvalues above a certain threshold

σ2
th. The threshold value can be computed via the Marchenko-Pastur

distribution, which is the limiting distribution of the eigenvalues of

a covariance matrix when the number of samples m and the dimen-

sion n go to infinity [76]:

σ2
th = σ2

(
1 +

√
n
m

)2

(3.15)

where σ2 is the median of the eigenvalues of the covariance matrix.

3.5 Blind analysis

To avoid bias from the analyst, it is usual to perform a blind analysis

[74]. Many blinding techniques exist. For this analysis, we develop

the procedure using only simulated data. This way, we can optimise

the strategy, from the reconstruction to the signal extraction, with-

out biasing it. However, this exposes us to the risk of overfitting the

analysis to the simulated data, which may not perfectly represent

the real data. To mitigate this risk, we can use control samples, e.g.
sidebands, which are datasets for which we do not expect to find

any signal, and on which we can control any discrepancy between

data and simulation. From these control samples, we can derive

corrections to apply to the simulation, and associate systematic

uncertainties with them. Our control samples are defined in Sec-

tion 5.3. After checking the validity of our analysis strategy, with

various test cases, we can finally unblind the data and perform the

measurement.
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3.6 Signal extraction

After optimisation of the analysis strategy, the signal extraction can

be performed. The parameter of interest for us is the branching ratio

of B+ → K+νν̄, but we prefer to express it as the signal strength µ:

µ =
B (B+ → K+νν̄)

B (B+ → K+νν̄)SM
(3.16)

The signal extraction is performed using a binned maximum like-
lihood fit to the BDT output distribution, above a certain threshold

that we will define later. Since building a parametric statistical

model can be difficult in this analysis, we will construct a template.

The principle is to build a histogram of the BDT output distribu-

tion for the signal and each background contribution from simu-

lation. Some parameters of the model are constrained from this

template, and then we perform a fit to the data to get the parameter

of interest [77]. The template model is based on the HistFactory

formalism [78], and the software used is pyhf [79].

Let’s denote Nb ∈ N∗ the number of bins in the BDT output

distribution, and νi the number of expected events in the i-th bin,

derived from simulation, which is typically the sum of the signal

and nb ∈ N∗ background contributions:

νi (µ, θ) = ∑
c∈{s,b1,...,bnb}

νi,c (µ, θ) (3.17)

with νi,c (µ, θ) the expected number of events in the i-th bin for

contribution c and θ ∈ RN , N ∈ N∗, is a vector of nuisance param-
eters. Nuisance parameters are parameters that are not of interest,

but can affect the measurement of the parameter of interest and

have uncertainties. Among those nuisance parameters, we find nm

multiplicative nuisance parameters θ′ and na additive nuisance

parameters θ̃:

θ =
(
θ′1, . . . , θ′nm , θ̃1, . . . , θ̃na

)
(3.18)

We can then rewrite Equation (3.17) as:

νi (µ, θ) = ∑
c∈{s,b1,...,bnb}

Kc
(
θ′
) (

ν0
i,c + ∆i,c

(
θ̃
))

(3.19)

where ν0
i,c is the nominal expected number of events in the i-th bin

for contribution c. K (θ′) and ∆i,c
(
θ̃
)

are multiplicative and addi-

tive variations of the expected number of events in the i-th bin for

contribution c due to the nuisance parameters. We can make the
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dependence in θ′ and θ̃ explicit:

Kc
(
θ′
)
=

nm

∏
j=1

θ′jκ
j
c (3.20)

∆i,c
(
θ̃
)
=

na

∑
j=1

θ̃jδ
j
i,c (3.21)

with κs
c and δ

j
i,c being the variation of the expected number of

events in the i-th bin for contribution c due to specific nuisance pa-

rameter. The variations are derived from auxiliary measurements, i.e.
additional measurements done in different experimental conditions

specifically to constrain the nuisance parameters. For example, it

could be the histogram of the BDT output with a higher or lower

number of a given decay mode to constrain the nuisance parameter

associated with the branching fraction of this mode. Depending on

their value, the additive nuisance parameters can be:

• Uncorrelated if there is one θ̃j for each contribution c and each

bin i

• Bin-correlated if there is one θ̃j for each contribution c and all

bins i

• Contribution-correlated if there is one θ̃j for several contribu-

tions c and each bin i

Similarly, the multiplicative nuisance parameters can be:

• Uncorrelated if there is one θ′j for each contribution c

• Contribution-correlated if there is one θ′j for several contribu-

tions c

Now, let’s call (ni)i∈J1,NbK the number of observed events in the

i-th bin. Then, the likelihood of our model (µ, θ) after observing

(ni)i∈J1,NbK is:

L
(

µ, θ| (ni)i∈J1,NbK

)
=

1
Z

Nb

∏
i=1

Pois (ni|νi (µ, θ))π (θ) (3.22)

with Pois (ni|νi (µ, θ)) the Poisson probability of observing ni events

given an expectation of νi (µ, θ) events, π (θ) the prior probability

density function of the nuisance parameters θ and Z a normalisa-

tion factor. While each nuisance parameter can have its own prior

distribution, we will assume that they are all independent and fol-

low a standard normal distribution, giving the total prior:

π (θ) =
N−nb

∏
j=1

Gauss
(
θj|0, 1

) nb

∏
c=1

Gauss (µc|1, σc) (3.23)
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with Gauss (x|µ, σ) the Gaussian probability density function of

x with mean µ and standard deviation σ. For the background

strength, the σc are hyperparameters of our statistical model.

Finally, the signal strength µ can be estimated using a profile

likelihood method. The idea is to maximise the likelihood with

respect to the nuisance parameters θ for each value of µ, and then

find the value of µ that maximises the profile likelihood:

µ̂ = argmax
µ

{
max

θ

[
L
(

µ, θ| (ni)i∈J1,NbK

)]}
(3.24)

Technically, we will actually minimise twice the negative log-

likelihood, which is more convenient for numerical optimisation:

µ̂ = argmin
µ

{
min

θ

[
−2 ln

(
L
(

µ, θ| (ni)i∈J1,NbK

))]}
(3.25)

3.7 Limits determination

The following section is based on reference [80].

After obtaining an estimate of the signal strength µ̂, we can test

its compatibility with various hypotheses such as: “background-
only‘’, µ = 0, or SM, µ = 1.

To test this compatibility, the best test statistic, as proved by the

Neyman-Pearson lemma [81], is the profile likelihood ratio:

λ (µ) =
L
(

µ, θ̂µ| (ni)i∈J1,NbK

)

L
(

µ̂, θ̂| (ni)i∈J1,NbK

) (3.26)

where θ̂µ maximises the likelihood for a given value of µ, and θ̂ is

the profile likelihood estimate of the nuisance parameters for the

best-fit value µ̂. From this definition, it is clear that 0 ≤ λ (µ) ≤ 1,

and that the closer λ (µ) is to 1, the more compatible the data are

with the hypothesis µ.

As specified in the previous section, we actually prefer to work

with the negative log-likelihood, so we can define a new test statis-

tic:

tµ = −2 ln (λ (µ)) (3.27)

for which higher values correspond to less compatibility with the

hypothesis µ. The p-value of the hypothesis µ can then be com-

puted as:

pµ = P
(
tµ ≥ tµ,obs | µ

)
=
∫ +∞

tµ,obs

f
(
tµ|µ

)
dtµ (3.28)
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where tµ,obs is the observed value of the test statistic, and f
(
tµ|µ

)
is

the probability density function of tµ under the hypothesis µ. The

density function f
(
tµ|µ

)
is typically approximated using Wilk’s

theorem [82], which states that in the asymptotic limit, tµ follows a

chi-squared distribution with one degree of freedom. Then, if the

p-value is smaller than a predefined threshold α, the hypothesis µ

is rejected at a CL of 1 − α. From this, we can define the confidence
interval of µ at a CL of 1 − α as the set of all values of µ that are not

rejected at a CL of 1 − α:

CI1−α =
{

µ|pµ > α
}

(3.29)

In the case where no significant signal is observed, we can instead

set an upper limit on µ at a CL of 1 − α. We just need to do the same

development as with the test statistic tµ but with the following test

statistic:

qµ =





tµ if µ̂ ≤ µ

0 otherwise
(3.30)

Replacing tµ with qµ in equation 3.28 gives us the p-value of the

upper limit, and the upper limit at a CL of 1 − α is the largest value

of µ such that pµ ≤ α.

Moreover, to give a more physically meaningful result when

setting an upper limit with µ going to zero (i.e. when the signal is

very small), we can use the CLs method [83]. The idea is to define a

new test statistic from the p-values of the signal-plus-background

and background-only hypotheses:

CLs =
P
(
qµ ≥ qµ,obs|µ

)

P
(
qµ ≥ qµ,obs|0

) (3.31)

Then, the upper limit at a CL of 1 − α is the largest value of µ such

that CLs ≤ α.

Finally, the significance is also a commonly used quantity to

quote when giving results from test statistics. It is defined as the

number of standard deviations that a Gaussian distribution would

need to fluctuate to give a p-value equal to the one obtained from

the test statistic:

Z = Φ−1 (1 − pµ

)
(3.32)

with Φ−1 the quantile function of a standard Gaussian distribution.

Conventionally, a significance of Z = 3 is considered as evidence for

a signal, while a significance of Z = 5 is considered as a discovery.
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3.8 Uncertainties estimation

It is important to estimate the statistical and systematic uncertain-

ties of the measurement. To do so, we use the method proposed in

[84]. We need to define two types of datasets first: the measurements
n⃗, which are the results of the experiment, so the Nb bins of the

histogram in our case; and the auxiliary measurements a⃗ which are

measurements made especially for the nuisance parameters. The

idea is to build the total uncertainty σ2
µ as a sum in quadrature of

the statistical and systematic uncertainties. As µ is a function of n⃗
and a⃗, using the uncertainty propagation formula and assuming no

correlation between the elements of n⃗ with themselves and similarly

for a⃗, we can write [84]:

σ2
µ̂ = ∑

i

(
∂µ

∂ni

)2
σ2

ni
+ ∑

j

(
∂µ

∂aj

)2

(3.33)

where the first term corresponds to the statistical uncertainty and

the second term to the systematic uncertainty. We can see the par-

tial derivatives as the sensitivity of µ̂ to the observables. So to com-

pute the contribution of an uncertainty source to the total uncer-

tainty, one can:

1. Shift the corresponding measurement or auxiliary measurement

by one standard deviation;

2. Repeat the fit leaving everything free;

3. Compute the difference between the new value of µ̂ and the

nominal value.

For example, to compute the contribution of a Gaussian-distributed

nuisance parameter with auxiliary measurement ai, we can replace

it in our statistical model by ai + σai and repeat the fit with no other

change. This will give us a new µ̂
[ai ]
var, +, and then

∆µ̂
[ai ]
+ = µ̂

[ai ]
var, + − µ̂nominal = σ

[ai ]
µ (3.34)

This can also be done with a negative shift, and the final contribu-

tion of this uncertainty source is the average of the absolute values

of the positive and negative shifts:

σ
[ai ]
µ =

∣∣∣∆µ̂
[ai ]
+

∣∣∣+
∣∣∣∆µ̂

[ai ]
−
∣∣∣

2
(3.35)

By summing all the contributions in quadrature, we can get the

total uncertainty σµ̂.
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As presented in Section 1.1, CP-violation is a key ingredient

to explain the matter-antimatter asymmetry in the universe. The

Belle II experiment, thanks to its design described in Section 2.3,

is well suited to perform precise measurements of CP-violation

in the quark sector. Indeed, as we explain more in detail in Sec-

tion 4.1, to measure CP-violation in B mesons, one needs to know

the flavour, i.e. whether it is an B0 or B̄0 meson, at the time of its

production. In the following chapter, we present an algorithm

called GFlaT which is used to determine the flavour of B mesons

to perform CP-violation studies. In Section 4.1, we define the main

quantity for CP-violation studies at Belle II as well as the difficul-

ties in measuring it. This will lead us to the description of flavour
tagging algorithms in Section 4.2. To be used, these algorithms need

to be calibrated, which is the topic of Section 4.3, and in Section 4.4

we discuss the challenges and the upgrades to the calibration of the

GFlaT algorithm. Finally, in Section 4.5, the results of the calibration

with the upgrades and the prospects for flavour tagging at Belle II

are presented.

4.1 CP-violation studies at Belle II

There are three types of CP-violation:
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• in decay, also called direct CP-violation, occurs when a particle’s

branching fraction to a final state differs

from that of its antiparticle to the corresponding final state.

• in mixing, happens when the rate of oscillation from the B0 to B̄0

is different from the rate of oscillation from the B̄0 to B0.

• in interference between decay and mixing, the combination of

the other two, which can occur when a neutral particle and its

antiparticle both share a common final state.

Analyses at Belle II can be performed to study these different

types of CP-violation. The phenomenon is related to the flavour

changing of the quarks via weak interaction. In the SM, the quark

mixing and the CP-violation are parameterised via the three angles

and the one phase of the CKM matrix, as described in Section 1.1,

thus the importance for precise measurement of those parameters.

There are various ways to study and quantify CP-violation. One of

them is to measure the CP-asymmetry. The CP-asymmetry in the

direct CP-violation is given by:

aCP =
NB0 − NB̄0

NB0 + NB̄0
(4.1)

where NB0 and NB̄0 are the number of B0 and B̄0 mesons at the

time of their production, respectively. Hence, the problem is now

to determine this flavour. An easy case is when the decay of the

B meson is self-tagged, i.e. when a final state particle can give us

almost surely the flavour of the decaying B meson. For example, in

the decay B → Dπ, the electric charge of the pion can give us the

flavour of the decaying B, as one can see from the quark content in

Figure 4.1.

b̄

d̄

u

c̄

d d

W+

B0 D−

π+

Figure 4.1: Feynman diagram
of the B0 → D−π+ decay. The
charge of the pion can give
us the flavour of the initial B
meson since only the b̄ quark
changes to a c̄ quark and the d
quark is a spectator.

However, in most cases, the decay we want to study is not self-

tagged, and so we need to find another strategy to determine the

flavour of the B meson. To do so, we can exploit another property

of the collisions at Belle II: the B mesons are entangled. Indeed,

the B mesons are produced in pairs from the decay of the Υ(4S)
resonance, which is a bound state of a b and b̄ quark. Thus, we can

infer properties of the Bsig from the Btag, in particular its flavour.

Hence, if the Btag decays in a self-tagged mode, we can determine

its flavour and thus the flavour of the Bsig at the same moment.

We can classify the self-tagged modes in 13 different categories,

shown in Table 4.1. The “target” is the particle whose charge gives

us the flavour of the decaying B meson. The kinematic information

is also relevant to determine the process that produced the target

particle. For example, the b → c(u)ℓ−ν̄ℓ transitions will produce a
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statistically higher momentum ℓ− (Electron, Muon and Kinetic Lep-

ton categories), while b → c → s(d)ℓ+νℓ transitions will generate

a statistically lower momentum ℓ+ (Intermediate Electron, Inter-

mediate Muon and Intermediate Kinetic Lepton categories). This

categorisation makes the usage of a multivariate classifier a suitable

choice for a flavour tagging algorithm.

Categories Targets

Electron e−

Intermediate Electron e+

Muon µ−

Intermediate Muon µ+

Kinetic Lepton ℓ−

Intermediate Kinetic Lepton ℓ+

Kaon K−

Kaon-Pion K−, π+

Slow Pion π+

Fast Hadron π+, K−

Maximum p ℓ−, π−

Fast-Slow-Correlated ℓ−, π+

Lambda Λ

Total = 13

Table 4.1: Categories of self-
tagged modes and their cor-
responding targets. It is to be
noted that the categories can
overlap, e.g. the "Kinematic
Lepton" category with both the
"Electron" and "Muon" cate-
gories. "Intermediate" indicates
that the lepton is a secondary
lepton, not coming directly
from a B. "Fast Hadrons" are
kaons and pions from a W
meson (e.g. in b → cW− transi-
tions). "Maximum p" searches
for high momentum particles.
"Fast-Slow-Correlation" is for
event with both a slow pion
and a high momentum particle
(e.g. B̄0 → D∗+W−). Recreation
from [85].

4.2 Flavour tagging algorithms

In order to understand how the flavour tagger algorithm works,

we need to introduce the quantities used to estimate its perfor-

mance first. The first one is the tagging efficiency ε:

ε =
Ntag

B0 + Ntag
B̄0

NB0 + NB̄0
(4.2)

where Ntag
B0 and Ntag

B̄0 are the number of B0 and B̄0 mesons that are

tagged, respectively. Of course, the flavour tagging algorithm can

also make mistakes, and thus we need to introduce the wrong tag
fraction w defined as:

Ntag
B0 = ε ((1 − w) NB0 + wNB̄0) (4.3)

Ntag
B̄0 = ε (wNB0 + (1 − w) NB̄0) (4.4)
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Hence, we can write the “observed” CP-asymmetry, obtained from

the flavour tagger algorithm, as:

aCP
obs =

Ntag
B0 − Ntag

B̄0

Ntag
B0 + Ntag

B̄0

= (1 − 2w)
NB0 − NB̄0

NB0 + NB̄0

= (1 − 2w) aCP (4.5)

The factor in front of the real CP-asymmetry is called the dilution
factor r ∈ [0, 1]:

r = |1 − 2w| (4.6)

It can be interpreted like:

• If w = 1
2 , then r = 0 and the algorithm gives us no information

• If w = 0 or w = 1, then r = 1 and the algorithm gives us the full

information

Any dilution factor below 1 means that the algorithm gives us some

information, but not the full one.

With these definitions, we can now introduce the flavour tagger

algorithm. It comprises one multivariate classifier for each of the 13

categories defined in Table 4.1, which are trained to determine the

probability for the given particle to be the target particle of the

self-tagged category. After reconstruction of the Bsig, the remaining

clusters and tracks are mainly from the Btag. The first step of the al-

gorithm is thus to reconstruct the particles from the information in

the ROE and to determine for each of those particles the categories

it belongs to, as well as to compute the probability described above.

After this, the particle with the highest probability is selected as the

target candidate and is given to another BDT which is trained to

determine the dilution factor r for this candidate and the predicted

flavour of the Btag. The final output of the algorithm is the dilution

factor r times the flavour q [85]. A schematic view of the algorithm

flow is shown in Figure 4.2.

This was the first flavour tagging algorithm used at Belle II, also

called category-based. In 2024, a second algorithm, called GFlaT,

was developed later on [86]. Instead of BDTs, it uses a graph neu-

ral network architecture by assimilating the problem as a cloud of

particles. Otherwise, the output is the same as for the category-

based algorithm. The comparison of the qr distribution for the two

algorithms is shown in Figure 4.3. We can see that the GFlaT algo-

rithm gives us a better separation between the different values of qr,

which is a good indication of its better performance. Especially, we
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Figure 4.2: Schematic represen-
tation of the flavour tagger

algorithm [85].
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can see the suppression of the peaks at 0 and around qr = ±0.65, as

well as a greater concentration of the values around qr = ±1.
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Figure 4.3: Comparison of
the qr distribution for the
category-based and GFlaT al-
gorithms [86].

4.3 Calibration of the GFlaT algorithm

We need to calibrate the GFlaT algorithm before using it to perform

physics measurements. This is a necessary step to ensure the relia-

bility of the algorithm and to give the uncertainty associated with

its usage.

There are three parameters of interest for the calibration: the effi-

ciency ε defined in Equation (4.2), the wrong tag fraction w defined

in Equation (4.3), and the difference in performances (efficiency and

wrong tag fraction) for B0 and B̄0 mesons.

The first step of the calibration is to select decays of the Bsig, for

which we can check the validity of the algorithm predictions. Those

decays need to be self-tagged and abundant enough to facilitate cal-

ibration. The decays selected for the calibration are the following:

• B0 → D−π+

• B0 → D∗−(→ D̄0(K+π−)π−)π+

• B0 → D∗−(→ D̄0(K+π−π0)π−)π+

• B0 → D∗−(→ D̄0(K+π−π−π+)π−)π+

as well as their equivalent, but with a kaon instead of the pion

coming from the B meson directly. As described in Figure 4.1, those

are indeed self-tagged decays with the pion or the kaon acting as

probe. The reason for the addition of the B0 → D(∗)−K+ modes is

that they are similar to the B0 → D(∗)−π+ decays.

The main variable used for signal selection is the energy dif-

ference between the energy of the reconstructed Bsig and half the

beam energy in the centre of mass frame, defined as:

∆E = Ereco
B −

√
s

2
(4.7)

The choice of this variable is motivated by the fact that for correctly

reconstructed B mesons, the energy should be equal to the beam

energy in the centre-of-mass frame, and thus ∆E should be close to

zero. For background events, ∆E will take a wider range of values,

forming a sort of continuum. Finally, for B0 → D(∗)−K+ decays, we

also expect a peak, but at a slightly lower value (∆E < 0) due to the

higher mass of the kaon compared to the pion.
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We select events with ∆E ∈ [−0.1, 0.25] GeV and R2 < 0.4, which

is a common selection for this variable. Additionally, we apply a

selection on the beam-constrained mass,Mbc, defined as:

Mbc =

√(√
s

2

)2

−
∣∣ p⃗reco

B

∣∣2 (4.8)

i.e. the mass of the reconstructed B meson assuming that its energy

is equal to the beam energy. We require a Mbc value between 5.27

and 5.30 GeV.

We then model the ∆E distribution of each component with the

following functions:

• B0 → D(∗)−π+ and B0 → D(∗)−K+: double-sided crystall-ball,

parametrised by the mean µ, the width σ, the tail parameters αL

and αR and the tail exponent parameters nL and nR;

• BB̄ background: Chebychev polynomial of degree 2;

• qq̄ background: exponential law.

The second step is to perform a fit in MC to the ∆E distribution

for each sample (B0 → D(∗)−π+ and B0 → D(∗)−K+) and for the

background components, from which we extract the parameters

and fix the shape for the following step.

After obtaining the shapes for each contribution from MC, we

perform an unbinned maximum likelihood fit on this same variable.

We extract the yield of the signal events in the sample, which will

be used to compute the wrong tag fraction and efficiency. This fit is

done for various categories. Each category is defined by:

• The flavour of the Btag, with a superscript + if the Btag is tagged

as a B̄0 and a superscript − if it is tagged as a B0.

• The relative flavour of the B mesons at the time of their rela-

tive decays, which can be either Same Flavour (SF) or Opposite

Flavour (OF).

• The bin of |qr|, defined by a number from 0 to 6, with the bin-

ning being: ([0, 0.1], [0.1, 0.25], [0.25, 0.45], [0.45, 0.6], [0.6, 0.725], [0.725, 0.875], [0.875, 1]).

This binning is standard for CP-violation analyses at Belle II.

Thus, we define 28 categories in total, for which we can extract

the signal yield. An example of the ∆E distribution for one of the

categories is shown in Figure 4.4. We can see the peak around ∆E =

0 corresponding to the B0 → D(∗)−π+ decays, and the smaller peak

around ∆E = −0.05 GeV corresponding to the B0 → D(∗)−K+
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decays. The remaining distribution corresponds to the background

events.
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Figure 4.4: Total ∆E distribu-
tion for the 1st bin of |qr| in
the OF− case on MC.

For a given bin of |qr| i, we can then compute the wrong tag

fraction for each flavour of Btag w±
i . A formula can be derived by

seeing that the number of B0 coming from an SF event is related to

the total number of B0 meson via

N−
SF = N−

tot
(
w− + χd

)
(4.9)

where χd is the time-integrated mixing probability of the B0 meson,

equal to 0.1860 ± 0.0011 [87]. In other words, B0 mesons from SF

events are either due to mixing or to an error on the tagging. We

can then develop the expression, as N−
tot = N−

OF + N−
SF:

N−
SF =

(
N−

OF + N−
SF
) (

w− + χd
)

⇔
(

N−
OF + N−

SF
)

w− = (1 − χd) N−
SF − χdN−

OF

⇔ w− =
(1 − χd) N−

SF − χdN−
OF(

N−
OF + N−

SF
)

⇔ w− =
1 − χd N−

OF
(1−χd)N−

SF

(N−
OF+N−

SF)
(1−χd)N−

SF

We can then generalise to any of the categories defined before.

Finally, by defining

f±i =
N±

OF,i

N±
SF,i

(4.10)

R =
χd

1 − χd
(4.11)

we get

w±
i =

1 − R f
(1 − R)

(
f±i + 1

) (4.12)

From the separation between the w+
i and w−

i , we then get the av-

erage wrong tag fraction wi and the wrong tag fraction asymmetry

∆wi as:

wi =
w+

i + w−
i

2
(4.13)

∆wi = w+
i − w−

i (4.14)

The same separation can be done for the efficiency ε±i :

ε±i =
N±

OF,i + N±
SF,i

Ntagged (4.15)

with the same average efficiency εi and efficiency asymmetry ∆εi.
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Finally, we compute the effective tagging efficiency ε:

ε =
6

∑
i=1

εi (1 − 2wi)
2 (4.16)

which is the figure of merit for the tagging algorithm. A summary

of the workflow of the calibration procedure is shown in Figure 4.5.

Signal

BDK

BB̄

qq̄

Total PDF Parameters estimation

n±
OF,0

n±
SF,6

w±
0

w±
6

ε±0

ε±6

ε

Figure 4.5: Workflow of the
calibration procedure.

4.4 Upgrade of the GFlaT calibration

As explained in Section 4.3, to extract the signal yields from the ∆E
distribution, we have to perform a fit for each of the 28 categories

(2 flavour categories × 2 relative flavours categories × 7 bins of

|qr|). Making those fits sequentially and independently is time-

consuming. One could just parallelise the fits, but we would then

maybe miss some correlations between the categories and thus

underestimate the uncertainties or not use the full information

available. To solve this issue, we can perform a simultaneous fit of

all the categories. This is what we switched to.

To verify the impact of this change, we can check the correla-

tions between the signal yields of the different categories. They

were evaluated at about 10−10, which is negligible. From this, we

decided to keep the simultaneous fit as the default method to ex-

tract the signal yields, as it is much faster. Moreover, since there are

no correlations, there is no need for uncertainty propagation when

computing the wrong tag fractions and the efficiencies.

An important background component is the qq̄ background. The

first way to reduce it is by using a variable such as R2 or cosTBTO

defined in Section 3.3. A selection on R2 < 0.4 is already applied,

but by selecting events with cosTBTO < 0.8, the qq̄ count is further

reduced by 86% on the MC sample while keeping 84% of the signal

events. The impact of this selection on the ∆E distribution is shown

in Figure 4.6. The second way to reduce it would be to use a BDT

trained to separate the qq̄ from the other events. This technique

was effective, as it reduced the qq̄ count by 98%, however it was
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very ineffective on data, probably due to the features used for the

training not being well modelled in MC. Thus, we decided to keep

the additional cut cosTBTO as the default method to reduce the qq̄
background.
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Figure 4.6: Total ∆E distribu-
tion for the 1st bin of |qr| in
the OF− case on MC with the
selection based on cosTBTO.

Lastly, the whole procedure, as described in Section 4.3 and in

Figure 4.5, is managed using the b2luigi package[88], which allows

us to easily parallelise the different steps.

4.5 Results and prospects for flavour tagging at Belle II

The results of the calibration are presented in Table 4.2. The wrong

tag fractions and efficiencies obtained in data and MC are similar

to those obtained in the previous calibration[86]. With this work,

we thus developed and automatised a calibration procedure of the

GFlaT for study of CP-violations. To bring some further prospects

on flavour tagging at Belle II, we are currently working on a flavour

tagging algorithm based on a transformer architecture [89], which

already shows promising results with an increase in efficiency, for

example.

Quantity MC [%] Data [%]

ε 38.2 ± 0.5 37.3 ± 1.0

w+
1 47.06 ± 0.78 46.96 ± 1.51

w−
1 47.98 ± 0.78 48.87 ± 1.47

w+
2 41.70 ± 0.68 39.36 ± 1.29

w−
2 41.99 ± 0.68 43.80 ± 1.32

w+
3 32.54 ± 0.63 32.57 ± 1.20

w−
3 33.07 ± 0.63 35.52 ± 1.14

w+
4 22.59 ± 0.72 22.27 ± 1.34

w−
4 23.93 ± 0.73 28.99 ± 1.40

w+
5 15.77 ± 0.76 14.12 ± 1.46

w−
5 17.19 ± 0.78 19.16 ± 1.44

w+
6 11.71 ± 0.64 11.38 ± 1.19

w−
6 8.72 ± 0.61 12.62 ± 1.16

w+
7 3.39 ± 0.41 1.83 ± 0.78

w−
7 3.24 ± 0.40 4.50 ± 0.81

Table 4.2: GFlaT calibration
parameters obtained in MC
and data.
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After developing the motivation for the study of the B+ → K+νν

decay in Chapter 1, giving the tools for this study in Chapter 2 and

Chapter 3, we can now develop our strategy for the measurement

of the B+ → K+νν decay’s branching ratio. We will perform a

counting experiment, using the techniques described in Section 3.6

and Section 3.7. Before doing so, we have to define our dataset (Sec-

tion 5.1) and the reconstruction strategy (Section 5.2). As we will do

a blind analysis with a template fit, we need control samples (Sec-

tion 5.3) to correct for discrepancies between our simulation and

the real data (Section 5.4). Using a BDT, we then perform the final

selection on the BDT output to get the signal region in which we

will extract the signal (Section 5.5). To validate our signal region,

we need to cross-check via the control samples and the studies of

the backgrounds (Section 5.6). We explicitly describe our statistical

model with its systematic uncertainties (Section 5.7) and perform

the Asimov fit (Section 5.8), final step for the testing of the sta-

tistical model and before the unblinding. Finally, we discuss the

obtained results and compare them with the previous analyses to

give some context and make explicit the situation of the analysis

relative to the state of the art (Section 5.9).

5.1 Dataset and Simulated Samples

We use data collected during Run 1 and Run 2 of Belle II operation,

between 2019 and 2024, corresponding to an integrated luminosity
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of 487.72 fb−1 at the Υ (4S) resonance and 59.43 fb−1 60 MeV below

the resonance (off-resonance sample).

For the simulation, we have 10M events for the B+ → K+νν,

B0 → K0
Sνν and B0 → K∗0νν, while there are 20M events for the

B+ → K∗+νν mode. For the generic BB̄ and qq̄ samples, we gen-

erated 4 times the dataset luminosity. As this analysis focuses on

B+ → K+νν, the other signal modes will be used for crossfeed stud-

ies and will be considered as BB̄ backgrounds when not specified.

Additionally, we use specific samples for background studies, such

as B → Xsνν̄, B → τν and B → K+K0
LK0

L.

5.2 Reconstruction and preselection

To save computing time, we first reject events containing more than

12 clean tracks (defined as tracks with dr < 2 cm and |dz| < 4

cm), as we do not expect that many tracks. This cut has a 100%

efficiency, and is mainly there for technical reasons to avoid too

much combinatorics for the FEI algorithm. Events passing this

pre-filter are then subject to reconstruction and selection criteria

described in the following sections.

5.2.1 Btag reconstruction

The Btag candidates are reconstructed using the semileptonic FEI

with the following 8 modes: B → D(∗)ℓν (π), with ℓ ∈ {e, µ}, as

described in Section 3.2. We select Btag with the properties:

• −4 < cos(θBY) < 3

• log10(SignalProbability) > −2.4

• p∗ℓ > 1.0 GeV/c

• cosTBTO < 0.9

Both for cos(θBY) and log10(SignalProbability) we tested dif-

ferent selections. For the latter, two alternative working points were

tested: log10(SignalProbability) > −2,−1. For cos(θBY), we

considered tighter ranges inspired from other semileptonic tagged

analyses, namely: [−1.75, 1.1] and [−1.9, 1.2]. No improvements in

signal sensitivity with respect to the nominal choice were observed.

The population of the different Btag decay modes is shown in

Figure 5.1. It can be seen that the modes with a π show lower pu-

rity with respect to the others. Since their contribution does not
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improve the signal sensitivity, we retain only Btag candidates recon-

structed in D(∗)ℓν final states.

De D D * e D * D(*)0.000.050.100.150.200.250.300.35

Event d
ensity

sgnBB

Figure 5.1: Signal and BB̄ back-
ground composition of the Btag

candidates reconstructed in the
semileptonic FEI. The modes
with a π show lower purity
with respect to the others.

After reconstruction of the Btag, we have multiple possible candi-

dates, in average 3.15, each assigned with a probability of being the

correct Btag. We then do a best candidate selection by ranking the FEI

candidates based on their SignalProbability and keeping the one

with the highest value.

5.2.2 Signal candidate and Rest-of-the-event

For the tracks not used in the Btag nor the K+ reconstruction, we

define two selections:

• “GoodTracks” with dr < 0.5 cm, |dz| < 2 cm, pt > 0.2 GeV/c,

E < 5.5 GeV in the CDC acceptance,

• “AcceptableTracks” with looser requirements (dr < 2 cm,

|dz| < 4 cm, pt > 0.1 GeV/c).

For B+ → K+νν, the signal kaon must satisfy “GoodTracks” require-

ments and have KaonIDNN > 0.1. We then apply a selection on the

invariant mass of the reconstructed B with 0 < M < 6 GeV/c2.

Once the Bsig and Btag candidates are reconstructed, we can build

the ROE, i.e. the tracks and clusters that are attached to neither the

Bsig or the Btag. For the ROE tracks we apply the Acceptable-

Tracks selection, while for the cluster we have different energy

cuts depending on the ECL region: E > 0.1 GeV for the forward

region, E > 0.06 GeV for the barrel, and E > 0.15 GeV for the

backward region. Additionally, for the ROE clusters, we require a

minimum cluster-to-track distance minC2TDist > 20 cm as well as

the polar angle of the cluster clusterTheta ∈ [0.2967, 2.6180], which

is the CDC acceptance. While the energy thresholds help reduce

machine background photons, the minC2TDist cut suppress the

contamination from clusters deposited by charged tracks, for which

track-cluster matching has failed.

After both the Btag and Bsig candidates are reconstructed, we can

reconstruct the Υ(4S) candidate by combining the two B mesons.

The final Υ(4S) selection enforces event cleanliness by requiring

no additional K0
S, Λ or π0, as well as the remaining tracks to not

contain events with AcceptableTracks, meaning that remaining

tracks must have pt < 0.1 GeV/c, dr > 2cm and |dz| > 4 cm.

We finally ask that θmiss ∈ [0.3, 2.6], θmiss being the polar angle

associated to the missing momentum vector, so that the missing
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Category Cuts

(Good)Tracks

nCleanedTracks(dr < 2 cm and |dz| < 4 cm) < 12

thetaInCDCAcceptance

pt > 0.2 GeV, E < 5.5 GeV/ c2

dr < 0.5 cm, |dz| < 2 cm

Clusters

(Eforward, Ebarrel, Ebackward) > (0.1, 0.06, 0.15) GeV

minC2TDist > 20 cm

clusterTheta ∈ [0.2967, 2.6180]

K+
GoodTracks

KaonIDNN > 0.9

ROE
No extra K0

S, Λ and π0

No AcceptableTracks (pt < 0.1 GeV/c, dr > 2 cm and |dz| > 4 cm)

Table 5.1: Table summaris-
ing the selection criteria at
reconstruction level.

energy system is within the CDC acceptance. We apply a first con-

tinuum suppression cut by selecting events with R2 < 0.4 and the

cut on the K+ identification is further tightened to KaonIDNN > 0.9.

Table 5.1 summarises the reconstruction and selection.

5.3 Control samples

To validate the model, we need control samples. For qq̄ back-

grounds, we use an off-resonance sample with both data and MC.

For BB̄ backgrounds, we have two control samples: one where we

accept extra AcceptableTracks but no GoodTracks in the ROE, i.e.
we require at least one track in the ROE with pt ∈ [0.1, 0.2] GeV/c
or dr ∈ [0.5, 2] cm or |dz| ∈ [2, 4] cm; and another one for which

we require the two B mesons to have the same charge. They are

respectively called the “Extra Tracks” (ET) and “Wrong Charge” (WC)

control samples or sidebands. For the signal efficiency validation,

we use the embedding method, as already used by the previous Belle

II B → Kνν̄ analyses [5].

The idea of embedding is to first choose a channel of which we

have good knowledge of the kinematics and with a kaon (e.g. B+ →
K+ J/ψ). Then, we reconstruct a sample of data and a simulation

of this channel, and we remove the signal-side from the events,

leaving only the ROE. We then embed our simulated signal-side

into the ROE, and we can then reconstruct the event as if it were a

signal event.
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5.4 Data-simulation discrepancy corrections

As the background suppression and signal extraction will rely on

the MC, it is crucial to correct the simulation to match the data as

much as possible. The following corrections are all applied before

the training of the BDT for background suppression. The different

corrections are summarised in Table 5.4.

5.4.1 PID correction

As the detector effects are not perfectly simulated, we need a cor-

rection for the PID. We use the Systematic Corrections Framework

to produce PID tables with respect to the transverse momentum

pT and the polar angle cos (θ). The correction is calibrated from

the D∗+ → D0 (→ K−π+)π+ control mode. Tables are produced

for the efficiency on kaons and the pion fake rate, on a pT range of

[0.2, 5.5] GeV and a cos (θ) range of [−0.87, 0.9563]. The tables are

shown in Appendix A.1.

5.4.2 FEI correction

For the FEI correction, we use calibration factors extracted by the

collaboration using the B+ → D∗0ℓ+ν control mode. There is one

calibration factor per mode used for the Btag. The factors we used

are presented in Table 5.2.

Btag mode Calibration factor

B+ → D0e+νe 1.14(11)

B+ → D0µ+νµ 1.10(11)

B+ → D∗0e+νe 0.87(10)

B+ → D∗0µ+νµ 0.850(98)

Table 5.2: Table summarising
the calibration factors used for
each Btag mode.

5.4.3 Branching fraction correction

The branching fractions used to generate the MC samples are not

always up-to-date. We thus need to correct them to the most up-to-

date values from the Particle Data Group (PDG) [19]. The weights

are computed as the ratio of the 2024 PDG value to the value used

in the simulation. We only apply them on Bsig decays.

There are exceptions: if the decay is an inclusive B → Xsνν̄, with

the Xs being an hadronic system containing an s-quark and that is

not a K or a K∗, decay, or if the final state particles are KK0
LK0

L or

Knn̄, then we do not compute a weight for the branching fraction

correction since we correct them separately, as explained in the

following section. Likewise, if the decay does not appear explicitly

in the simulation decay table, we consider it as a decay generated

via the PYTHIA package, and we apply a weight of 1. For more

information on the simulation, please refer to Section 2.5.

https://syscorrfw.readthedocs.io/en/latest/
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Moreover, some decays include resonant and non-resonant con-

tributions, e.g. B0 → K+K−K0. In nature, because of the interference

between the resonances and the non-resonant contributions, it is

possible that the branching fraction of the non-resonant contri-

bution is larger than the total branching fraction of the inclusive

decay. However, in the simulation this is not taken into account, so

the resonances and non-resonant contributions should be additive.

We decided not to correct the branching fractions for the decays

B+ → K+π+π− and B0 → K+K−K0 to the PDG value. Instead, we

keep the value present in the simulation and increase the associated

uncertainty on the lower limit to cover this discrepancy.

In total, our sample contains 3984 unique decays. Decays gener-

ated by PYTHIA represent about 83% of the decays.

5.4.4 Global branching fraction correction

As we only correct a part of all the branching fractions from the

Belle II simulation, the sum of all the branching fractions is not uni-

tary anymore. To rectify this, we apply a global correction for the

events we do not correct with the previous method. The weight is

computed from the sum of corrected branching fractions to their

PDG values and the sum of the branching fractions we do not cor-

rect to their value in the simulation:

wglobal BF =
1 − ∑i∈corrected BFPDG

i

∑i∈not corrected BFsimulation
i

(5.1)

The weight is calculated separately for B0B̄0 and B+B− events,

yielding a correction of 1.00 for the B0B̄0 events and about 1.07 for

the B+B− events.

5.4.5 Specific background correction

Certain decays mimic very well the B+ → K+νν decay. This is the

case for the B+ → K+nn̄ and B+ → K+K0
LK0

L decays, as both have a

charged kaon and two neutral particles which are difficult to detect

and identify properly.

For B+ → K+nn̄ decays, we would like to correct the simula-

tion branching fraction just like previously. In the simulation, the

indicated value is 5.7 × 10−6. As there is no measurement of this

branching fraction, we have to use isospin symmetry to compute

it from the measurement of B0 → K0 pp̄, with a branching frac-

tion of 2.79(32) × 10−6. However, it was observed that at the pp̄
production threshold, the production probability is enhanced [90].
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To take this into account, we further fit the mass of the pp̄ system

from B0 → K0 pp̄ analysis with a threshold plus an exponential law.

The fitted function is of the form A (x − xth)
n e−λx, so we have 3

parameters to extract (A, n, λ). The fit and the values extracted can

be seen in Figure 5.2. The q2 distribution of B+ → K+nn̄ events is

then reweighted to match the fitted distribution, considering the

two neutrons system as the two neutrinos system in our decay of

interest.
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Figure 5.2: Fit of the pp̄ mass
distribution from B0 → K0 pp̄
decays, using a threshold func-
tion and an exponential law.
Data are from [90].

For B+ → K+K0
LK0

L decays, we directly correct the q2 distribu-

tion, originally generated via a phase-space model, to match the

one from the BaBar measurement of B+ → K+K0
SK0

S [91].

For the B → Xsνν̄ decays, we intend to correct the mass distri-

bution of the Xs and the q2 distribution following the B → Xsℓℓ

analysis done by Belle II that is yet to be published.

5.4.6 Form factor correction

The B → K+νν̄ sample was generated using an outdated model

in which the decay amplitude is described by means of the form

factors provided in [15]. The sample is then reweighted according

to the SM prediction from [20], using the formula and values pre-

sented in Section 1.3. The corrections here are close to unity, and so

have little to no impact.
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5.4.7 Background normalisation

We apply a correction to the normalisation of the different back-

grounds, namely continuum and BB̄.

The continuum normalisation correction is computed from the

off-resonance data-MC ratio, yielding a correction of about 0.96.

For the BB̄ normalisation factor, we only compute it for the

“badly-tagged” ET events, and apply it only on badly-tagged

events. We define “well-tagged” events as an event with a B me-

son and either:

• 0 wrong daughter

• 1 wrong daughter but it is a γ

The weight is then computed as:

wBB̄ =
Ndata −

(
Nqq̄ + Nwell-tagged

)

Nbadly-tagged
(5.2)

The correction is about 2.28. The well-tagged BB̄ events normalisa-

tion is checked on the embedding sample and is compatible with 1,

so we do not need further correction.

5.4.8 Backgrounds shape correction

To take into account the differences in shape for data and sim-

ulation of backgrounds, for variables which will be used in the

background suppression, we train two BDTs, one on off-resonance

(BDToffres) and one ET (BDTET) sideband, respectively, to separate

between data events and MC events. The goal of this training is

to use the BDT output to compute the data/MC correction. The

weights are computed as:

wBDTsb =
BDTsb

1 − BDTsb
(5.3)

with sb ∈ {offres, ET}. The heuristic is the following: if the input

variables from the two datasets are close enough in shape and val-

ues, the BDT should not be able to distinguish the two and hence

should give an output of 0.5, so the weight would be 1; any dis-

crepancy in the input variables would have an impact on the BDT

output, which would give a weight different than unity. As one can

see from Figure 5.3, the BDT output on the data is indeed close to

0.5, which means that most of the weights will be 1, or close to.
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10 1
100
101

Arbitrar
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Figure 5.3: Training output
of the BDTs trained on off-
resonance (top) and ET (bot-
tom) samples.
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The hyperparameters of the BDTsb and their values are sum-

marised in Table 5.3. A detailed description of the hyperparameters

can be found in Section 5.5.1. The features used for the BDTsb,

ranked by their importance, are summarised in Figure 5.4 and

Figure 5.5. The importance is quantified by their Shapley value
computed using the SHAP package, as detailed in Section 3.1.5. A

description on how to read them is provided in Section 5.5.

Hyperparameter Value

max_depth 2

learning_rate 0.05

subsample 0.5

n_estimators 200

Table 5.3: Table summarising
the hyperparameters of the
BDTsb and their values.

0.2 0.0 0.2 0.4 0.6SHAP value (impact on model output)
Number of extra tracksmD mPDGDcos ( Btag, miss)Hsom, 2cos BYp-value(D0)*(K+ , pmiss)cos( Bsig, thrust)Hsoc, 2p *Btag [GeV/c]pD0 mass [GeV]Neutral EextraECL  [GeV]p-value(D+ )Emiss + cpmiss [GeV]cos *missHson, 0q2 [GeV2]

Low

High

Feature
 value

Figure 5.4: Shapley values for
the BDToffres features. A de-
scription of the variables can
be found in Appendix A.2.

The BDTs are trained one after the other, with first the BDToffres,

from which we apply the weights on the continuum backgrounds

before training the second BDT.

5.4.9 Summary and results of the corrections

We can check the impact of the corrections on the data/MC agree-

ment. For the variables of interest for the background suppression,
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Figure 5.5: Shapley values for
the BDTET features. A descrip-
tion of the variables can be
found in Appendix A.2.

Corrections Method Applied to

PID Syscorr framework All samples

FEI Calibration from B → D∗ℓν Signal and BB̄

Signal Form Factors Correct from latest theory paper Signal

Backgrounds Correct branching fractions to PDG value BB̄

Specific backgrounds Correct q2 distribution (B → KK0
LK0

L and B → Knn̄) BB̄

qq̄ normalisation Correct data
MC from off-resonance sideband qq̄

Badly-tagged BB̄ normalisation Correct data
MC from extra-tracks sideband BB̄

Backgrounds shape corrections Train BDTs to separate data and MC in sidebands BB̄ and qq̄

Table 5.4: Table of the correc-
tions and the samples they are
applied to

https://syscorrfw.readthedocs.io/en/latest/
https://arxiv.org/abs/2301.06990
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we show the distribution for data and MC in Figure 5.8 and Ap-

pendix A.3.

To verify the pertinence of the control samples, we can also check

the distribution of the backgrounds in MC for both signal sample

and control samples. We see in Figure 5.6 that the control samples

do replicate the peak in the background distribution for q2 of the

signal sample after the corrections. Improvement is still possible,

e.g. via a better training of the BDTs from Section 5.4.8.

0 5 10 15 20 25 30q2 [GeV2]0.000.020.040.060.080.100.120.14

Event d
ensity

Belle II preliminary simulationET B0B0B+ Bccuu, dd, ss,
B 0B0 extra_default
B +B −  extra_default
cc extra_default
uu, dd, ss, ττ extra_default

0 5 10 15 20 25 30q2 [GeV2]0.0000.0250.0500.0750.1000.1250.1500.175
Event d

ensity
Belle II preliminary simulationWC B0B0B+ Bccuu, dd, ss,

B 0B0 wc_default
B +B −  wc_default
cc wc_default
uu, dd, ss, ττ wc_default

Figure 5.6: Plots of the back-
ground MC comparison be-
tween the ET and WC side-
bands (contour only) and the
signal sample (filled) for q2.

5.5 Background suppression and signal selection

5.5.1 BDT training

We train a multivariate binary classifier to separate signal from

background events. More specifically, we use a BDT from XGBoost.

The training is performed on a mixture of signal and background

MC samples, where the signal sample is weighted to be 300 times

lower than the background sample using the scale_pos_weight

hyperparameter. This 300 is the approximate number of expected

background events for 1 signal event.

The other hyperparameters of interest for this analysis are the

following:

• The maximum depth of the trees (max_depth)

• The number of trees to be built (n_estimators)
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• The learning rate, which controls how much each new tree con-

tributes to the final prediction (learning_rate)

• The subsample ratio of the training dataset, which controls the

fraction of the training data that is used to grow each tree, to

limit overfitting (subsample)

• The minimum loss reduction required to make a further partition

on a leaf node of the tree (gamma)

• Regularisation parameter to control the complexity of the trees

and prevent overfitting (reg_lambda)

As each of these hyperparameters controls both the training time

and the performance of the model, such as overfitting, we need to

properly tune them. This is done by using the Optuna package [69],

and optimising the hyperparameters to maximise the F1 score, as

defined in Section 3.1. The optimised hyperparameters and their

values are summarised in Table 5.5.

Hyperparameter B+ → K+νν̄

max_depth 7

learning_rate 0.06

subsample 0.9

n_estimators 290

gamma 0.5

reg_lambda 0.005

Table 5.5: Table summarising
the hyperparameters of the
BDT and their value.

For the training, we use 18 variables described in Appendix A.2.

Their importance are reported in Figure 5.7. The x-axis indicates

the actual Shapley value, as explained in Section 3.1.5. The colour

spectrum shows the feature value. Each point represent a data

point given for the training. This shows how strongly the fea-

ture values are correlated to their Shapley value, allowing us to

rank them. The y-axis corresponds to the actual ranking of the fea-

tures using the Shapley values. The most important variable is the

Neutral Eextra
ECL , i.e. the energy in the ECL associated to photons

from the ROE, followed by q2. The left side of Figure 5.8 shows the

discriminating potential of the variable, while the right side shows

the agreement between data and MC in the ET sideband with the

corresponding data-MC ratio comparison and the pulls.

Both variables exhibit strong discriminating power with good

data-MC agreement. The other variables are presented in Ap-

pendix A.3.

Overfitting is controlled in two ways:

• First, we split our training sample into two, depending on the

parity of the event number, and we train a BDT for each of the two

samples;

• Second, we check the agreement between the training and the

testing sample for each BDT.

This strategy allows us to identify any potential overfitting. The

BDTs are then applied to the samples with opposite event number
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Figure 5.7: Importance of the
variables used for the BDT
training as measured by the
Shapley values for the BDT,
shown in a beeswarm plot.
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Figure 5.8: On the left, dis-
tribution of Neutral Eextra

ECL

and q2 in MC for signal and
backgrounds. On the right,
distribution of Neutral Eextra

ECL

and q2 in data and MC for the
ET sideband.
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parity (e.g. the BDT trained on the training sample with even event

numbers will be used for classification of the events with odd event

numbers). The overfitting of each BDT individually is checked by

comparing the BDT output distribution for the training and testing

sample, as shown in Figure 5.9.

0.0 0.2 0.4 0.6 0.8 1.0BDT output
10 1
100
101

Arbitrar
y units

S (train)B (train)S (test)B (test)

0.0 0.2 0.4 0.6 0.8 1.0BDT output
10 1
100
101

Arbitrar
y units

S (train)B (train)S (test)B (test) Figure 5.9: Overfitting check
for the BDTs training from the
training and testing samples,
with the even event training
sample (left) and odd event
training sample (right).

The agreement between the two BDTs can be seen in Figure 5.10

and is considered as good.

BDT output0.0
0.2
0.4
0.6
0.8

Event d
ensity

Belle II simulationbkg2sgn2bkg1sgn1

0.0 0.2 0.4 0.6 0.8 1.050
5

bkg1b
kg2

√ 2 bkg1+2 bkg2

Figure 5.10: Overfitting check
for the BDT training from the
two-sample training (1 is for
the even event sample and 2 is
for the odd event sample).

Finally, the BDT output is modified such that signal events are

flattened. This is done by using a quantile transformer, namely the

QuantileTransformer from scikit-learn [92]. This transformation

makes the signal region selection easier, as signal events are uni-

formly distributed between 0 and 1. The results and the impact of

the transformation on the background events can be observed in

Figure 5.11. The signal events show no sign of overfitting, even after

the transformation.

5.5.2 Signal region selection

After the training, the transformation and the overfitting checks,

we apply the BDT to all the samples. The Signal Region (SR) is

then defined by selecting events with a BDT output above 0.4. The

choice for this value was not dictated by any figure of merit, but a

trade-off between having enough background events in the signal



5.5. BACKGROUND SUPPRESSION AND SIGNAL SELECTION 73
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Figure 5.11: Signal BDT output
flattening, with the even event
training sample (left) and odd
event training sample (right).

region, the purity and the efficiency. Moreover, having a "simple"

value (which we are less likely to get when optimising a figure a

merit) helps to have clear and simple bin boundaries, which helps

with interpretability. However, we did try selections at 0.3 and 0.5,

and they gave similar and worse results, respectively, on the limit in

the final fit compared to 0.4. The studies regarding the alternative

selections are shown in Appendix A.4.

The final SR for MC can be seen in Figure 5.12, from which we

can look at the expected number of signal and background events

per bin. There are 6 even bins in total. The data-MC agreement in

the signal region for the various backgrounds is checked in the off-

resonance sideband, for continuum only, and ET sideband for all

contributions. There is a good agreement in the shapes for the two

sidebands, especially in the four first bins, but a slight difference

in the last two bins. As they are within a reasonable margin (2σ in

the pulls), we still consider the agreement to be good. This can be

observed in Figure 5.13.

Finally, we can check the signal efficiency and the expected back-

ground yields evolution after the various selection steps. This infor-

mation is summarised in Table 5.6. The final signal efficiency in the

signal region is 70 × 10−4, which is almost two times higher than

the one obtained by the previous hadronic tagging analysis. We can

also compute the signal purity in the signal region, which is around

6%, and is also almost two times higher than the one obtained by

the previous tagging analysis [5].

Cut Cumulated sgn eff [×10−4] B0B0 yield in 0.49 ab−1 B+B− yield in 0.49 ab−1 ccbar yield in 0.49 ab−1 uds yield in 0.49 ab−1

reconstruction + preselection 119.43 ± 0.34 8830 23364 29156 15661

BDT>0.4 70.74 ± 0.27 38 236 57 40

BDT>0.9 11.50 ± 0.11 0 5 1 0

Table 5.6: Table summarising
the signal efficiency and back-
ground yields after the various
selection steps.
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Figure 5.12: BDT output dis-
tribution for signal and back-
ground events in MC, in the
signal region.

5.6 Background studies

We study the backgrounds in the signal region and check the MC

truth information. The data/MC agreement before and after se-

lection is checked using the three control samples defined in Sec-

tion 5.3.

5.6.1 Background composition

In the signal region, we count 77 unique B decays, 10 of which are

modes generated by the PYTHIA package. A sample of the most

important modes is shown in Figure 5.15 for the charged modes

and for the neutral modes. The most important mode is B → Dℓν,

ℓ ∈ e, µ, which represents half of our backgrounds. With our most

important background being the B → Dℓν decay, we need to under-

stand:

• How does it mimic the signal decay B+ → K+νν?

• Can we reduce its contribution in the SR?

Let’s start by answering the first question. By looking at the truth

information and all the particles in the final state, we obtain that the

full decays are of the form B+ → D0(→ K+X−)ℓν where X− is a

charged hadron. In order to mimic the signal decay, it is necessary

that neither the lepton nor the X− are reconstructed. For the lepton,

we did indeed observed that it is lost outside of the CDC accep-

tance (θ ∈ [17°, 148°]), making it impossible to reconstruct, as one

can see in Figure 5.14.
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Figure 5.13: BDT output distri-
bution for data and MC in the
off-resonance sideband (above)
and the ET sideband (below),
in the signal region.
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Figure 5.14: Angular distribu-
tion of the ℓ in the B → Dℓν

backgrounds. The CDC covers
an angle between 17 and 148°.

For the charged hadron accompanying the K+, we verify the

reconstructibiliy of the particle by looking at the truth information.

We find that the X− has no track found in about 92% of the events.

This two facts explain how the B → Dℓν decay can mimic the

signal decay and indicates that it is a very difficult background to

reduce, and we in fact consider it as irreducible.

5.6.2 Background validation

To validate the background modelling in the SR, we use the same

metrics as proposed in Section 5.4.9.

The data-MC agreement on the BDT output was already pre-

sented in Figure 5.13 and was deemed satisfactory. Regarding the

data-MC ratio, they are shown in the signal region for all control

samples in Table 5.7. The condition for a satisfactory agreement is

that the ratio is within 2σ of unity, where σ is the uncertainty on the

ratio. This condition is satisfied by all control samples.

Sideband data/MC presel data/MC signal region

offres 1.026 ± 0.017 (6181 data evts) 1.25 ± 0.35 (18 data evts)

wc 1.003 ± 0.014 (12195 data evts) 1.18 ± 0.24 (39 data evts)

extra 1.027 ± 0.010 (68520 data evts) 1.32 ± 0.20 (78 data evts)

Table 5.7: Data-MC agreement
on all three sidebands before
and after the BDT selection.

Finally, the pertinence of the control samples in the SR is checked

by looking again at the distribution of the backgrounds in MC

for both signal sample and control samples. The distributions are

shown in Figure 5.16.

5.7 Systematic uncertainties

Corrections are naturally uncertain as they are based on data and

simulation from control samples. Hence, we need to assign a sys-

tematic uncertainty for each correction we apply. Afterwards, these

systematic uncertainties will be implemented in the final fit as nui-

sance parameters, in order to constrain them and propagate their

effect on the final result, as explained previously in Section 3.6.

The uncertainty sources and treatment of nuisance parameters are

summarised in Table 5.8.

From this point on, the crossfeed contributions will be consid-

ered separately from the BB̄ contributions as 3 extra contributions.
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Figure 5.15: Pie charts rep-
resenting the proportions of
different B decay modes in
the backgrounds of our SR.
The first part of the mode
corresponds to the Btag while
the second is the alleged Bsig.
The dashed part indicates
the proportion of wrongly
tagged events. The top pie
chart shows the B+B− modes
while the bottom one shows
the B0B̄0 modes. Since we are
looking for a charged mode,
it is expected that the remain-
ing B0B̄0 modes in the SR are
badly-tagged.
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Figure 5.16: Pie charts rep-
resenting the proportions of
different B decay modes in the
backgrounds of our SR. The
left plot is for the WC side-
band and the right plot is for
the ET sideband.

5.7.1 Systematic uncertainties treatment

As specified, the systematic uncertainties are implemented as nui-

sance parameters in the fit based on the HistFactory formalism

(cf. Section 3.6). In this formalism, modifiers of the expected val-

ues in each bin of the histogram we want to fit are constrained by

auxiliary measurements. Those auxiliary measurements for bin-

correlated uncertainties are alternative histograms, named "high"

and "low" data, corresponding to ±1σ for the Gaussian associated

to the nuisance parameter. Using interpolating functions with the

auxiliary measurements, the pyhf package then computes those

modifiers.

5.7.2 PID systematic

Systematic uncertainties on the PID corrections are taken from the

same table we extract the corrections from. They are presented

beside the corrections in Figure A.1. The uncertainty we quote is

then the relative uncertainty on the correction. While this process

is event-based, the fact that two events from different bins in the SR

or from different contributions (signal, B+B−, B0B̄0, qq̄ or cc̄) may

share the same bin in the PID table can introduce correlations. To

deal with this, we use a toy MC method. We generate 500 replicas

of the relative uncertainties on the PID correction, distributed ac-

cording to a lognormal centred at 0 and with a σ equal to the

relative uncertainty if it is smaller than 1, and equal to 1 otherwise.

From those replicas, we can compute the covariance matrix between

each contribution and each bin in the SR, giving a total of 48 cases



5.7. SYSTEMATIC UNCERTAINTIES 79

(8 contributions and 6 bins in the SR), making the covariance matrix

30 × 30.

In order to decorrelate the systematic uncertainties, we can use

the technique introduced in Section 3.4. In our case, we end up

keeping 22 eigenvectors, which makes a reduction of about 54% on

the number of nuisance parameters in the final statistical model.

The auxiliary measurements for the 22 nuisance parameters in-

troduced are then computed from the corresponding eigenvectors.

We multiply the eigenvector by the nominal histogram (i.e. the his-

togram used for the fit) for the corresponding contribution. The

high or low data is then obtained by adding or subtracting this

product to the nominal histogram.
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uū, dd̄, ss̄, ττ̄

cc̄

B 0B0

B +B −

B + →K + νν

B 0→K 0
Sνν

B + →K ∗+ νν

B 0→K ∗0νν

Bin num
ber

uū
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Figure 5.17: Covariance matrix
of the PID systematic uncer-
tainty. The left matrix is the
full covariance matrix, while
the right matrix is the covari-
ance matrix after keeping only
the 22 most important eigen-
vectors. We can see that this
new matrix perfectly repro-
duces the main features of the
original one.

5.7.3 Signal MC form factor systematics

The form factor systematics are calculated by reweighting simu-

lated events using eigenvector variations of the form factor covari-

ance matrix, presented in Equation (1.33), which are propagated via

eigendecomposition. Since the form factor has three fit parameters,

we have three form factor nuisance parameters. The residual of the

variations in q2 relative to the nominal form factor model is taken

as the systematic uncertainty.

5.7.4 Data-MC discrepancy

For the nuisance parameter related to the data-MC discrepancies,

the auxiliary measurements are derived from the alternative his-

tograms obtained by removing the respective corrections. We then

compute the difference between the nominal and the alternative

histograms, before adding or subtracting this difference to the nom-

inal histogram to obtain the high and low data:

auxiliary data = {nominal ± (nominal − alternative)} (5.4)
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5.7.5 Branching fraction correction

For the systematic associated with the branching fraction correction,

we consider 3 cases:

• If the branching fraction exists in the PDG and has an uncer-

tainty, we compute the relative uncertainty using those values;

• If the branching fraction exists in the PDG but is inclusive, with

resonant and non-resonant contributions, we take the PDG un-

certainty for the upper limit, but we take a 100% relative uncer-

tainty for the lower limit;

• if the decay mode is generated via PYTHIA, we take a 100% rel-

ative uncertainty for the lower limit, but we do not put a limit on

the upper bound (technically, we put a limit of 10000% relative

uncertainty if the decay populates more than one bin in the SR,

otherwise 1000%).

The second point is motivated by how those modes are handled

by the Belle II simulation, as explained in Section 5.4.3. For the

third point, we argue that a simple 100% symmetric relative uncer-

tainty is not enough, as the correction on the branching fraction can

be way higher than 2 times the original value. To be as conserva-

tive as possible, we thus choose not to put any upper limit on the

relative uncertainty (or to put one absurdly big enough to be con-

sidered as such). Alternatively, for backgrounds present in only one

bin in the SR, we reduce the uncertainty for fit stability reasons.

Additionally, we also extract the histogram corresponding to the

BDT output for each mode. As explained in the corresponding sec-

tion, we only consider cases where the Bsig decays into the mode.

The high and low datasets are then the nominal histogram for

which we vary the number of events of the given mode according

to the relative uncertainty:

auxiliary data =
{

nominal ± σrel
± (mode)× histogram(mode)

}
(5.5)

This gives us a total of 77 nuisance parameters for the branching

fraction corrections.

5.7.6 Specific background corrections

The same process is applied for the specific background corrections.

We introduce 5 systematic sources corresponding to 5 cases:

• B → Knn̄ decays, with a 100% relative uncertainty;
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• B → KK0
LK0

L, decays with a 20% relative uncertainty;

• events with D → K0
L, with a 40% relative uncertainty;

• events with a K0
L, with a 100% relative uncertainty.

As explained previously, we only look at the signal side for those

decays.

The 100% relative uncertainty for the B → Knn̄ decays is mo-

tivated by multiple uncertainties regarding the derivation of the

correction for this mode, such as the imperfect modelling of the

threshold enhancement or the isospin symmetry assumption be-

tween B+ → K+nn̄ and B0 → K0 pp̄ [90].

The choice for the 20% relative uncertainty for the B → KK0
LK0

L

decays is based on the precision of the data-driven checks per-

formed in [91] and the isospin symmetry assumption between

B+ → K+K0
LK0

L and B+ → K+K0
SK0

S. For the events with D → K0
L,

we take a 40% relative uncertainty. This number is actually the sum

of the 30% correction applied by the previous analyses [5] and the

10% relative uncertainty they quote. Finally, for the events with a

K0
L, the quoted relative uncertainty is inflated to 100% from the sum

of the correction (17%) and the systematic uncertainty (50%) used

by the previous Belle II analysis.

The auxiliary measurements for those 5 systematic sources are

then derived just like for the branching fraction correction.

5.7.7 Signal efficiency validation

We repeat the analysis pipeline up to the SR selection, for both the

data and simulation embedding. We then compute the selection

efficiency at this stage for both samples, and we compute the ra-

tio. With this ratio, we can check the data-MC agreement of the

selection efficiency, which is compatible with 1, and we also get an

associated uncertainty of 11%. This uncertainty is used in the fit as

a normalisation systematic for the signal contribution.

5.7.8 Normalisations

Regarding the uncertainties related to the normalisations, we intro-

duce first one nuisance parameter per contribution except for the

signal. For BB̄ and qq̄ contributions, the systematic uncertainties are

derived from the relative uncertainty remaining from the data-MC
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ratio in the signal region combined from WC and ET sidebands:

σrel
data/MC =

√
1

σ2
ET

+ 1
σ2

WC
rET
σ2

ET
+ rWC

σ2
WC

(5.6)

The auxiliary data are then computed as 1 ± σrel
data/MC. For each

crossfeed contribution, the auxiliary data are defined as:

low data = 0 (5.7)

high data = 1 +
Current experimental upper limit

BFtheo
(5.8)

Additionally, we introduce a nuisance parameter correlated

between the signal and the two BB̄ contributions. This nuisance

parameter is related to the systematic uncertainty on the B meson

counting. The values are:

f± = 0.5113 ± 0.0108 (5.9)

NΥ(4S) = (520.6 ± 7.6)× 106 (5.10)

NB = 2 × NΥ(4S) × f± = (532.4 ± 13.7)× 106 (5.11)

σrel
NB

=
13.7
532.4

= 2.6% (5.12)

where f± is the probability of an Υ(4S) to decay into a B+B− pair.

5.7.9 MC statistical uncertainty

Finally, we also introduce a nuisance parameter for the MC statis-

tical uncertainty. This nuisance parameter is uncorrelated between

each contribution and each bin. There are two inputs for this nui-

sance parameter:

• The Poisson uncertainty on the number of events in each bin.

• The 26 remaining eigenvectors from the PID systematic uncer-

tainty, as explained in Section 5.7.2.

The two inputs are summed in quadrature to give the total un-

certainty for the MC statistical uncertainty, but the PID part is negli-

gible.

5.8 Signal Extraction

5.8.1 Method

As indicated in Section 3.6, our statistical model is based on the

HistFactory formalism, using the pyhf and cabinetry packages
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Source Contribution(s) Treatment Number of NP

PID All samples Bin-correlated 22

Signal Form Factors Signal Bin-correlated 3

Continuum qq̄ Bin-correlated 1

Backgrounds BB̄ Bin-correlated 77

Specific backgrounds BB̄ Bin-correlated 5

Sgn eff (incl. FEI) Signal Normalisation 1

qq̄ normalisation qq̄ Normalisation 2

BB̄ normalisation BB̄ Normalisation 2

Crossfeed normalisation BB̄ Normalisation 3

B meson counting Signal, BB̄ and crossfeed Contribution-correlated 1

MC statistical All samples Uncorrelated 8 × 6

Table 5.8: Summary of the
systematic uncertainties imple-
mented, with the contribution
they affect, the way they are
treated and the corresponding
number of nuisance parame-
ters.

[93]. We build a template binned likelihood of the binned BDT out-

put distribution, with 6 bins in the range of the SR, [0.4, 1.0]. There

are 8 contributing processes: the signal, the B+B−, the B0B̄0, cc̄,

udsτ (includes together uū, dd̄, ss̄ and ττ̄) as well as the crossfeeds

from the 3 others modes (B0 → K0
Sνν, B+ → K∗+νν, B0 → K∗0νν).

The parameter of interest is the signal strength µ. For the sys-

tematic uncertainties, we consider the 169 nuisance parameters

described in the previous section and summarised in Table 5.8.

To estimate the parameter of interest, we perform a binned max-

imum likelihood fit. First, we perform an Asimov fit to verify the

model and its implementation.

The fit is realised in two steps:

• We perform an initial fit using the scipy optimiser, via sequential

least squares programming, to get a first estimate of the parame-

ters. This is necessary for computational reasons.

• We then perform a second fit using the iminuit optimiser [94],

as it is more accurate and gives us an uncertainty on the pa-

rameter of interest, as well as a covariance matrix, via the HESSE

algorithm.

5.8.2 Asimov fit results

We first perform a fit on the Asimov dataset, i.e. the dataset for

which the observed data is equal to the expected data. The ex-
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pected data per bin is given in Table 5.9. The expected number of

signal yields is computed from the theoretical branching ratios.
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Bin number expected signal yields expected B0B̄0 yields expected B+B− yields expected cc yields expected uds yields expected B0 → K0
Sνν yields expected B+ → K∗+νν yields expected B0 → K∗0νν yields

1 2.9 20 1e+02 31 17 0.00016 0.036 0.44

2 2.7 10 55 11 10 0.00018 0.027 0.33

3 2.7 1.3 39 9.4 6.8 0 0.022 0.23

4 2.8 4.1 25 5 3.2 0 0.018 0.19

5 2.8 1.3 11 0.26 2.3 0 0.015 0.095

6 2.7 0 5.3 0.78 0 0 0.01 0.059

Table 5.9: Expected yields for
the various contributions in the
signal region.
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Using this dataset, we can estimate the correlations between

the parameters and the impact of the uncertainties on the signal

strength. The method to compute the impact of the uncertainties is

described in Section 3.8. We find an estimate for the uncertainty of

5.2 × 10−6, or 1.2 in units of the signal strength µ. The individual

impact of each contribution is given in Table 5.10. The uncertainty

is statistically dominated. For the systematic uncertainties, the

main impact comes from the limited MC statistics, followed by the

background normalisation. The correlation matrix of the statis-

tical model’s parameters is shown in Figure 5.18, where we only

represent the parameter with at least one correlation above 0.2 in

absolute value.

Systematic Category Absolute contribution

on branching fraction (×10−6)

StatMC 2.2

KL 1.0

Continuum 0.8

bkg norm 0.6

sgn eff + tracking 0.5

Backgrounds 0.4

KKLKL 0.3

nBB 0.2

Data/MC extra 0.1

FF 0.1

PID 0.1

D2KL 0.0

KX2nn 0.0

Kneutrons 0.0

Total systematic 2.7

Total statistical 4.3

Total 5.1

Table 5.10: Impacts of the var-
ious types of nuisance param-
eters on the final systematic
uncertainty.

In the correlation matrix: charged_err[i] corresponds to the

MC statistical error associated to the charged mode B+B− in bin i;
norm_charged is the systematic uncertainty associated to the B+B−

normalisation; -20423,14,-13 is the B+ → D̄1 (2430)0 µ+νµ decay,

-2112,2112,321 is the B+ → K+nn̄ mode and -421,311,-311,211

is B0 → D̄0K0K̄0π+.
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KL_1_sl gbc_extra_1
_sl

gbc_offres_1
_sl

BF_521->-20423,14,-
13_free_1_sl

BF_521->-2112,2112,
321_free_1_s

l

BF_521->-421,311,-3
11,211_1_sl mu_K

norm_charged_1_
sl

charged_err
_1_sl[1]

charged_err
_1_sl[3]

charged_err
_1_sl[4]

charged_err
_1_sl[5]

KL_1_sl
gbc_extra_1_sl
gbc_offres_1_sl

BF_521->-20423,14,-13_free_1_sl
BF_521->-2112,2112,321_free_1_sl

BF_521->-421,311,-311,211_1_sl
mu_K

norm_charged_1_sl
charged_err_1_sl[1]
charged_err_1_sl[3]
charged_err_1_sl[4]
charged_err_1_sl[5]

1.00 0.18 -0.14 -0.33 -0.22 -0.22 -0.15 0.03 -0.01
0.18 1.00 0.24 0.02 0.16 -0.04 -0.03 0.19 0.02 -0.06 -0.02 -0.01
-0.14 0.24 1.00 -0.13 -0.14 -0.01 -0.18 -0.22 -0.02 -0.01 0.05 0.04
-0.33 0.02 -0.13 1.00 0.13 -0.21 0.04 -0.07 0.08 -0.26 0.03 0.04
-0.22 0.16 -0.14 0.13 1.00 -0.04 -0.11 -0.11 -0.30 -0.05 -0.10 0.09

-0.04 -0.01 -0.21 -0.04 1.00 -0.04 0.02 0.01 -0.07 0.01 0.01
-0.22 -0.03 -0.18 0.04 -0.11 -0.04 1.00 -0.13 0.07 -0.04 -0.20 -0.32
-0.15 0.19 -0.22 -0.07 -0.11 0.02 -0.13 1.00 -0.01 0.03 0.02

0.02 -0.02 0.08 -0.30 0.01 0.07 -0.01 1.00 0.01 0.04 -0.02
-0.06 -0.01 -0.26 -0.05 -0.07 -0.04 0.03 0.01 1.00 0.02 0.01

0.03 -0.02 0.05 0.03 -0.10 0.01 -0.20 0.04 0.02 1.00 0.07
-0.01 -0.01 0.04 0.04 0.09 0.01 -0.32 0.02 -0.02 0.01 0.07 1.00 1.00

0.75
0.50
0.25

0.00
0.25
0.50
0.75
1.00

Figure 5.18: Correlation matrix
of the nuisance parameters.
Only the nuisance parameters
with at least one correlation
above 0.2 are shown.
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The fitted profile negative log-likelihood is shown in Figure 5.19,

with some CL of interest. We also show the results of the CLs

method in Figure 5.20, described in Section 3.7.

0 1 2 3 4BFK ×10 5
05

1015202530
-2 ln (B

F K) 53290% CL1

Figure 5.19: Profile negative
log-likelihood on the branch-
ing fraction, with an injected
signal strength of 1, with the
various lines representing dif-
ferent CL. One can then simply
read the corresponding CL by
checking the intersection with
the likelihood function.

0 2 4 6 8 10 (POI)0.0
0.2
0.4
0.6
0.8
1.0

C
L

s

CLs
CLs, exp±1  CLs, exp±2  CLs, exp= 0.1

Figure 5.20: Plot showing the
CLs scan with the ±1σ and
±2σ belts as well as the 90%
confidence level line.

5.8.3 Signal injection test

The final test for our statistical model is to perform a signal injec-

tion test. With this test, we verify that the model is not biased and

that it is able to recover the injected signal strength. We perform

this test by generating toy datasets, varying both the nuisance pa-
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rameters via Gaussian distributions and the expected number of

events in each bin via a Poisson distribution. We then perform a fit

on each of these toy datasets, and we compare the median of the

fitted signal strength with the injected one. To verify the robustness

of the model for different signal strength hypotheses, we perform

this test for different injected signal strengths µinj ∈ [1, 3, 5, 7, 10].

We do not expect the observed branching ratio to be more than 10

times the SM prediction because of the current upper limits in the

branching ratio value, so we do not investigate higher values. The

results of this test are shown in Figure 5.21. We find that the model

is unbiased across the full range of injected signal strengths, which

validates our statistical model and its implementation.

0 2 4 6 8 100
2
4
6
8

10

 median
 of toys

Number of toys generated = 2000.00y=x (perfect linearity)Toy medians

0 2 4 6 8 10 value injected0.2
0.0

Median 
- Injecte

d

Figure 5.21: Results of the sig-
nal injection test. The median
of the fitted signal strength is
shown as a function of the in-
jected signal strength. We can
clearly see how they follow the
dashed line, which represents
the unbiased case.

5.9 Comparison with the state of the art and discussion

5.9.1 Comparison to the previous analyses

In this section, we will discuss the results we obtained, comparing

them with the previous analyses.

Firstly, instead of fixing the signal strength µ to 1 in the Asi-

mov dataset, we can try to fix it to the value found in the previous
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Belle II analysis to compare and cross-check the results. The value

obtained then was µ = 4.6 ± 1.3. [5] By injecting this number into

the same procedure as described in the previous section, we obtain

a new Asimov dataset, and we can fit it, looking at the same metrics

of interest (Table 5.11, Figure 5.22). Moreover, we can check the sig-

nificance of the result, as computed in Section 3.7, and we get 2.43.

This preliminary expected significance indicates that we would not

get evidence for 4.6 times the predicted SM value of the branch-

ing ratio, so we would not be able to confirm the results from the

previous analysis. However, comparing the obtained uncertainty

for this fit with the uncertainty from the previous Belle II analysis

[5], we can see that we are totally on par. It proves the importance

of this independent SL tagged analysis for the tension previously

observed.

Systematic Category Absolute contribution

on branching fraction (×10−6)

sgn eff + tracking 2.3

StatMC 2.1

bkg norm 1.7

KL 1.4

Continuum 0.9

nBB 0.6

Backgrounds 0.5

FF 0.4

KKLKL 0.3

Data/MC extra 0.2

PID 0.2

D2KL 0.0

KX2nn 0.0

Kneutrons 0.0

Total systematic 4.0

Total statistical 5.7

Total 7.0

Table 5.11: Impacts of the var-
ious types of nuisance param-
eters on the final systematic
uncertainty, with an injected µ

of 4.6.

Secondly, we can compare the estimated uncertainty from our

Asimov fit (with µ = 1) with the uncertainties obtained by the

previous analyses, as presented in Figure 1.5. The results are sum-

marised in Table 5.12. We can see that we have a smaller absolute
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0 1 2 3 4BFK ×10 5
0
5
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15
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-2 ln (B
F K)

53290% CL1
Figure 5.22: Profile negative
log-likelihood on the branch-
ing fraction, with an injected
signal strength of 4.6, with
the various lines represent-
ing different CL. We can see a
non-parabolic behaviour on the
left-side of the minimum that
has not yet been explained. If
we had a more Gaussian-like
likelihood, we would expect a
way better significance.

uncertainty than other analyses, making this SL tagged analysis

a pivotal analysis for a precise measurement of the B → K(∗)νν̄

decays. Even when naively scaling the uncertainties to the luminos-

ity used for this analysis, we can see that our expected uncertainty

stays lower than the others. This study has two limitations:

• Our uncertainty was obtained on an Asimov dataset considering

a signal strength of 1, but we know it increases with the signal

strength;

• The scaling for the uncertainties was done by naively multiply-

ing the absolute uncertainty by
√

Luminosity of the analysis
Luminosity for our analysis , which

does give a rough idea but is not correct.

Analysis Absolute uncertainty
(
×106) Naively scaled to 487.72 fb−1 (×106)

BaBar Hadronic (HAD) [35] 13 12

BaBar SL [34] 8 7

Belle HAD [36] 16 19

Belle SL [37] 6 7

Belle II Inclusive (INC) [5] 7 6

Belle II HAD [5] 12 10

Belle II HAD + INC [5] 7 6

This analysis 5 5

Table 5.12: Comparison of
the previous analyses’ un-
certainties with our expected
uncertainty.
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5.9.2 Discussion on the combination with other analyses

There are two main combinations to be done with the results from

our analysis.

As specified in the introduction, our team worked on both B+ →
K+νν and B0 → K∗0νν. The goal in the end is to do a combined fit

with both channels, to explore the
(
B (B+ → K+νν) ,B

(
B0 → K∗0νν

))

space as described in Section 1.4.

Furthermore, we will combine with two other Belle II analyses

on the same channels: the INC and HAD tagged analyses. Those

two are direct continuations of the ones performed in [5]. To prop-

erly perform this combination, as the datasets are the same, we

need to have an understanding of the overlap. It is shown in Fig-

ure 5.23. From it, we can compute the relative number of overlap

for the INC (ITA) and our analysis (STA):

ITA ∩ STA
ITA

= 0.3% (5.13)

ITA ∩ STA
STA

= 25% (5.14)

We can see how independent the three analyses are, which is

again a reminder of the importance of our work.

ITA STA

HTA

50 090 484

573

156

108 4

7

Figure 5.23: Wenn diagram
showing the number of events
in the SR of the INC (ITA) and
HAD (HTA) tagged analy-
ses from [5] and in our work
(STA) for run 1, scaled to a
luminosity of 1 ab−1, with
the overlaps. The numbers of
events unique to each analysis
were obtained from data for
the two previous analyses and
from MC for ours, as we did
not unblind yet. Overlaps were
obtained from data for all anal-
yses, but using a ratio of events
and considering a data-MC
ratio of 1 for our analysis to
avoid any unblinding.



Overview and outlook

In this thesis, we detailed the search for B+ → K+νν at the Belle II

experiment using a SL tagged analysis.

Chapter 1 has opened this work with theoretical and contextual

aspects of the search, motivating the need for this measurement in

the context of the SM and physics beyond the SM.

Chapter 2 has described Belle II, the experimental apparatus

used for the search. We explained in more detail why it is the only

place in the world where this analysis can be done, thanks to the

cleanness of the events and the hermicity of the detector.

Chapter 3 has introduced the toolbox necessary to carry out the

tasks we carried, such as BDTs, important discriminating variables

and the statistical knowledge to extract a signal or compute a limit

and an uncertainty.

Chapter 4 has explored the calibration of an important tool for

the study of CP-violation at Belle II, the GFlaT. We especially men-

tioned upgrades, with a gain in flexibility and computing time

thanks to the parallelisation.

Finally, Chapter 5 has detailed the full workflow of the B+ →
K+νν analysis, starting from the reconstruction of the 487.72 fb−1 of

data, exploiting the features of the detector described in Chapter 2,

handling the correction of the simulation, the training of a BDT

and the statistical aspects with the tools introduced in Chapter 3

and finally discussed the results in the light of the state of the art

given in Chapter 1. We obtained an expected uncertainty of 5.2 ×
10−6 for an injected signal corresponding to the SM expectation,

and 7 × 10−6 for an injected signal equal to the branching fraction

obtained by the previous Belle II analysis, both values being better

or on-par with the state of the art. Combining this precision with

the low overlap with the previous Belle II analysis, we once again

reaffirm the importance of this independent measurement using a

SL tagging method, whether it is for cross-checking the previous

measurements or combining to get a more significant result.
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Yet, it is not the end of this work. As explained previously, we

did not unblind the analysis yet, so all results are solely simulation-

based. Despite the very good data-simulation agreement observed

in the control samples, unblinding is a crucial step in the analy-

sis, as unexpected mismodelisation may appear. Moreover, we still

have to continue the analysis on the B0 → K∗0νν channel in or-

der to, in fine, do a combined analysis, effectively constraining the(
B (B+ → K+νν) ,B

(
B0 → K∗0νν

))
space in search for possible NP.

Lastly, other analyses are currently ongoing at Belle II on the

same channels, also on the B0 → K0
Sνν and B+ → K∗+νν modes,

using the previously cited methods. Those analyses should also be

combined with ours to give a more precise and less biased estimate

of the measurement or limit on the branching fractions of the B →
K(∗)νν̄ decays.

Finally, with the new data being collected by the Belle II exper-

iments, and the improvement of the statistical and analysis tools,

the search can only continue and improve, leading to exciting new

results. In the longer term, the recent European Strategy for Particle

Physics update is predicted to allow a gain of one order of mag-

nitude in precision for the measurement of b → sνν̄ transitions

probabilities [95].
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Figure A.1: Data-MC ratio ef-
ficiency of the PID for K+ as a
function of pT and cos (θ).
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Figure A.2: Data-MC ratio ef-
ficiency of the PID for K− as a
function of pT and cos (θ).
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Figure A.3: Data-MC ratio π

fake rate of the PID for K+ as a
function of pT and cos (θ).
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Figure A.4: Data-MC ratio π

fake rate of the PID for K− as a
function of pT and cos (θ).

A.2 BDT variables

In this section, we will give an explanation for each of the 18 vari-

ables used in the BDT:

• Number of extra tracks: number of tracks in the ROE

• Emiss + cpmiss: Sum of the missing system energy with the energy

carried by the missing system momentum

• Hso
m,2: a KSFW moment as defined in Section 3.3

• q2: the mass of the two neutrinos system

• Hso
c,2: a KSFW moment as defined in Section 3.3

• Neutral Eextra
ECL [GeV]: Extra energy coming from neutral particles

in the ECL

• Hso
n,0: a KSFW moment as defined in Section 3.3

• cos (θBY): as defined in Section 3.3

• p∗Btag
: momentum of the Btag in the CMS frame

• mD − mPDG
D : mass of the reconstructed D meson coming from

the Btag minus its nominal mass

• pℓ: momentum of the ℓ from the Btag
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• cos
(
θ∗miss

)
: polar angle of the missing energy system in the CMS

frame

• D0mass: mass of the K+π− system, where π− is in the ROE; for

D0 meson discrimination

• cos
(

θBtag ,miss

)
: polar angle between the Btag and the missing

energy system in the Υ(4S) frame

• cos
(

θBsig ,thrust

)
: cosTBTO, as defined in Section 3.3

• p-value(D+): p-value of the hypothesis test on the K+π0 system,

to check if it is a D+

• p-value(D0): p-value of the hypothesis test on the K+π− system,

to check if it is a D0

• ϕ∗(K+, pmiss): azimuthal angle between the signal K+ and the

momentum of the missing energy system
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A.3 Validation of the data-MC agreement in the control sam-
ples

Distributions of the variables used in the BDTs. The upper left plot

shows the signal versus background distributions in the default

MC sample, to illustrate the discriminating power of the variable.

The three other plots show the data-MC agreement in the three

control samples used. On each page, the plots are represented in

the following way:
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Data-MC comparison in ET sideband Data-MC comparison in WC
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A.4 Alternative signal region selection tests

In this section, we show the tests realised to define alternative sig-

nal region selections, i.e. a signal region at BDT > 0.3 and another

at BDT > 0.5.

A.4.1 BDT > 0.3

By loosening the selection of the signal region, we accept more

events which are essentially backgrounds. The purity went from

6% to 3%, and the efficiency slightly increased by 17%, as one can

see in Table A.1. As we have more events, there is a minor improve-

ment on the statistical uncertainty, but the systematic is worse, as

we have more backgrounds compared to before. However, we see

no impact on the total uncertainty shown in Table A.2 compared to

the SR at 0.4.

Cut Cumulated sgn eff [×10−4] B0B0 yield in 0.49 ab−1 B+B− yield in 0.49 ab−1 ccbar yield in 0.49 ab−1 uds yield in 0.49 ab−1

reconstruction + preselection 119.43 ± 0.34 8829 23050 29156 15661

BDT>0.3 82.00 ± 0.29 66 404 120 79

BDT>0.9 11.58 ± 0.11 0 5 0 0

Table A.1: Table summaris-
ing the signal efficiency and
background yields after the
selection of the SR at 0.3.
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Systematic Category Absolute contribution

on branching fraction (×10−6)

StatMC 1.9

bkg norm 1.5

KL 1.3

Continuum 0.6

sgn eff + tracking 0.5

Backgrounds 0.4

KKLKL 0.3

nBB 0.2

Data/MC extra 0.1

FF 0.1

PID 0.1

D2KL 0.0

KX2nn 0.0

Kneutrons 0.0

Total systematic 2.9

Total statistical 4.2

Total 5.1

Table A.2: Impacts of the
various types of nuisance pa-
rameters on the systematic
uncertainty in the SR selected
at 0.3.
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A.4.2 BDT > 0.5

By tightening the selection of the signal region, we reject more

background events. Compared to the 0.3 case, the efficiency de-

creased by the same amount, 17%, as one can compute from Ta-

ble A.3, but the purity is exactly the same as the nominal case.

Hence, the total uncertainty will worsen, as one can see in Ta-

ble A.4.

Cut Cumulated sgn eff [×10−4] B0B0 yield in 0.49 ab−1 B+B− yield in 0.49 ab−1 ccbar yield in 0.49 ab−1 uds yield in 0.49 ab−1

reconstruction + preselection 119.61 ± 0.34 8829 23050 29156 15661

BDT>0.5 58.17 ± 0.24 15 138 29 23

BDT>0.9 11.41 ± 0.11 0 5 0 0

Table A.3: Table summaris-
ing the signal efficiency and
background yields after the
selection of the SR at 0.5.

Systematic Category Absolute contribution

on branching fraction (×10−6)

StatMC 2.0

bkg norm 1.8

KL 1.5

Continuum 0.7

sgn eff + tracking 0.5

nBB 0.3

Data/MC extra 0.3

KKLKL 0.3

Backgrounds 0.2

D2KL 0.1

FF 0.1

PID 0.0

KX2nn 0.0

Kneutrons 0.0

Total systematic 3.2

Total statistical 4.4

Total 5.5

Table A.4: Impacts of the
various types of nuisance pa-
rameters on the systematic
uncertainty in the SR selected
at 0.5.
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Résumé en français

Contexte scientifique

Ma thèse s’inscrit dans le cadre de la recherche sur la physique

au-delà du SM via des expériences menées sur des collisionneurs.

Le SM est actuellement la théorie la plus aboutie pour décrire la

physique des particules. Au cours de son histoire, les prédictions

du SM ont été comparées aux résultats expérimentaux et se sont

révélées exactes. Bien que cette théorie soit très fructueuse, certains

points restent à élucider, tels que la nature de la matière noire et

de l’énergie noire, ou l’origine de l’asymétrie matière/antimatière.

Pour répondre à ces questions, les physiciens des collisionneurs

disposent de deux méthodes : soit utiliser des collisionneurs plus

puissants, soit augmenter la précision des mesures afin de com-

parer les prédictions avec les résultats expérimentaux. Celles-ci sont

décrites comme les frontières de l’énergie et de l’intensité.

Une puissante sonde de la frontière d’intensité est la désintégra-

tion du méson B en un méson K et deux neutrinos, B → K(∗)νν̄. En

effet, ces désintégrations correspondent à des transitions b → sνν̄,

impliquant ainsi un FCNC. Nous savons que, dans le SM, le FCNC

ne peut se produire qu’au niveau des boucles, avec les diagrammes

de Feynman les plus simples présentés dans Figure A.5, et que les

boucles sont fortement supprimées par le mécanisme de Glashow-

Iliopoulous-Maiani [14]. Par conséquent, les désintégration B →
K(∗)νν̄ sont rares, avec un Branching Ratio (BR) de l’ordre de 10−5.

La combinaison de cette rareté et les deux neutrinos dans l’état final

en font une désintégration difficile à détecter. Mais nous disposons

d’une prédiction précise du BR dans le SM, car il s’agit d’un canal

théoriquement propre. De plus, certains modèles théoriques prédis-

ent la présence de NP dans les boucles quantiques qui modifierait

le BR, ou l’apparition de particules de matière noire à la place des

deux neutrinos. En combinant tous ces éléments, nous pouvons

voir que les désintégrations B → K(∗)νν̄ constituent une puissante

sonde de la NP.

L’expérience Belle II [44], menée au collisionneur SuperKEKB

[39] à Tsukuba, au Japon, recherche les NP en fournissant des don-

nées avec la luminosité instantanée la plus élevée jamais atteinte
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Figure A.5: Principaux dia-
grammes de Feynman pour la
désintégration B → K(∗)νν̄.

[43]. C’est là que des paires e+e− entrent en collision avec une én-

ergie dans le centre de masse permettant de produire le méson

Υ(4S), un méson qui se désintègre presque toujours en une paire

BB̄ [19], ce qui en fait un lieu idéal pour étudier la physique des

B. Les caractéristiques de Belle II, telles que son herméticité et

l’environnement propre qu’elle offre, en font la seule expérience

actuelle permettant d’étudier les désintégrations de B avec des par-

ticules invisibles , en particulier B → K(∗)νν̄.

Le fait que le méson B qui nous intéresse, appelé Bsig, soit pro-

duit exclusivement avec un méson B partenaire, appelé Btag, con-

stitue une caractéristique essentielle pour l’analyse des désintégra-

tions B → K(∗)νν̄. En effet, les deux neutrinos de l’état final ne

peuvent pas être détectés ; nous devons donc trouver un moyen in-

direct de reconstituer la désintégration Bsig. La stratégie consiste à

déduire des informations sur le Bsig à partir de la reconstitution du

Btag. Cette technique est connue sous le nom de tagging. On peut

définir deux types de stratégies de tagging : le tagging exclusif et le

tagging inclusif. Le tagging exclusif consiste à choisir un ensemble

de désintégrations pour reconstruire le Btag, avec soit des modes

hadroniques, soit des modes semi-leptoniques. Pour le tagging inclusif,

on prend en compte de manière inclusive toutes les désintégrations

possibles pour le Btag.

Ma thèse porte sur l’Analyse avec tagging semileptonique (ATS).
Le choix du tag semi-leptonique s’explique par les analyses précé-

dentes menées à Belle II à l’aide d’analyses hadroniques et inclu-

sives (HTA et ITA), ainsi que par les analyses de Belle et BaBar réal-

isées à l’aide de la ATS. Mon objectif est de mener une recherche

indépendante sur B → K(∗)νν̄. Elle servira de vérification solide

des résultats obtenus par les analyses précédentes de Belle II, car

comme on peut le voir sur la figure A.6, les résultats antérieurs de

ATS sont plus compatibles avec l’hypothèse du SM seul.

Le terme B → K(∗)νν̄ désigne l’ensemble des canaux B±,0 →
K(∗)±,0νν̄, mais le présent document se concentre sur la désintégra-

tion B± → K±νν̄.

Dans le document qui suit, nous présenterons l’analyse aveugle,

ce qui signifie que nous n’examinerons pas les données de la ré-

gion de signal tant que le flux de travail d’analyse n’aura pas été
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0 2 4 6 8 10105 × Br(B+→K + νν̄)

Average1.3±0.4

BaBar (429 fb-1, hadronic)1.5 ± 1.3   PRD87, 112005
BaBar (418 fb-1, semileptonic)0.2 ± 0.8   PRD82, 112002
Belle (711 fb-1, hadronic)2.9 ± 1.6   PRD87, 111103
Belle (711 fb-1, semileptonic)1.0 ± 0.6   PRD96, 091101
Belle II (63 fb-1, inclusive)1.9 ± 1.5   PRL127, 181802
Belle II (362 fb-1, inclusive)2.7 ± 0.7   This analysis, preliminary
Belle II (362 fb-1, hadronic)1.1 ± 1.1   This analysis, preliminary
Belle II (362 fb-1, combined)2.3 ± 0.7   This analysis, preliminary

SM0.497 ± 0.037 Figure A.6: Valeurs des BR
mesurés par Belle II, mesurés
lors d’expériences précédentes
et valeurs prédites par le SM
[5].

entièrement défini et testé sur la simulation MC. Pour vérifier la

concordance entre les données et la simulation, nous utilisons des

échantillons de contrôle qui seront spécifiés le moment venu.

Reconstruction

Pour commencer la mesure du BR de la désintégration B+ → K+νν̄,

nous reconstruisons d’abord le Btag en tenant compte des désinté-

grations D(∗)ℓν, avec ℓ ∈ {e, µ}. Ensuite, nous reconstruisons le

kaon à partir de la désintégration du côté du signal. La reconstruc-

tion du Btag est effectuée à l’aide de l’algorithme FEI, un algorithme

basé sur des BDT [72]. Nous combinons le kaon signal et le Dℓ

provenant du Btag pour former notre événement et considérons

tout le reste comme ROE. Comme il ne doit y avoir aucune autre

particule liée au signal dans le ROE, nous exigeons qu’il n’y ait

pas de traces supplémentaires dans l’événement, ni de π0, K0
S et Λ

supplémentaires.

De plus, nous appliquons une présélection souple afin de réduire

d’ores et déjà le nombre d’ événements de fond.

Échantillon de contrôle

Afin de corriger les problèmes de modélisation, ainsi que pour

vérifier la pertinence de celle-ci, nous faisons usage d’échantillons

de contrôle. Nous en avons quatre:
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• Pour le continuum, événements qq̄, nous utilisons un échantillon

hors résonance, c’est-à-dire ne se situant pas à la résonance Υ (4S),
de sorte que nous n’avons que des événements du continuum;

• Pour les événements BB̄, nous avons deux échantillons: un

échantillon où la charge du Bsig est erronnée et un échantillon

pour lequel nous acceptons des traces en plus dans le reste de

l’événement;

• Pour l’efficacité sur le signal, nous utilisons la technique de

"l’intégration", i.e. nous choisissons un canal dont on connaît

bien la cinématique et qui comporte un kaon (e.g. B+ → K+ J/ψ).

Ensuite, nous reconstruisons un échantillon de données et une

simulation de ce canal, puis nous supprimons la partie « signal »

des événements, ne conservant que le ROE. Nous intégrons en-

suite notre partie "signal" simulée dans le ROE et pouvons alors

reconstruire l’événement comme s’il s’agissait d’un événement

de signal.

Corrections des simulations

Pour cette analyse, nous nous appuyons sur des simulations MC

afin d’entraîner les BDT et d’obtenir le nombre attendu d’événements

dans la région de signal pour l’ajustement du modèle. Comme les

simulations MC ne sont pas parfaites, nous devons corriger les

écarts entre les données et les simulations MC pour les variables

utilisées dans le processus de sélection. Parmi ces divergences pos-

sibles, nous appliquons une correction pour les rendements PID,

la normalisation du continuum qq̄ et BB̄, ainsi que pour le BR des

modes de désintégration dans les bruits de fond. D’autres correc-

tions sont nécessaires pour l’étalonnage du FEI et les facteurs de

forme (la paramétrisation des éléments de matrice nécessaires aux

calculs SM) de notre signal.

Les corrections PID et FEI sont effectuées à l’aide de tables de

correction calculées par la collaboration. La correction des facteurs

de forme, nécessaire pour tenir compte des facteurs de forme ob-

solètes utilisés pour la simulation MC, est tirée de [20]. Le BR des

modes de désintégration dans les bruits de fond est corrigé pour

correspondre à la valeur rapportée dans le PDG de 2024 [19]. En

ce qui concerne les fonds spécifiques, nous corrigeons directement

les événements B → Knn̄ et B → KK0
LK0

L, qui peuvent facile-

ment imiter notre signal et dont la distribution cinématique est mal

modélisée dans la simulation MC. Ensuite, nous corrigeons la nor-

malisation de nos contributions de bruits de fond, qq̄ et BB̄ à partir
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de nos échantillons de controle. Pour le qq̄, nous avons calculons la

normalisation de l’échantillon hors-résonance à partir du rapport

data/MC. Pour le BB̄, il y a deux cas de figures: pour les événe-

ments avec un Btag "mal-taggés", i.e. pour lequel au moins une fille

n’est pas correctement reconstruite et elle n’est pas un photon, nous

corrigeons en nous servant conjoitement des échantillons avec la

mauvaise charge et avec la trace supplémentaire; pour les autres

événements, nous pourrions utiliser l’échantillon avec intégration,

mais nous avons vérifier que le rapport est compatible avec l’unité,

donc aucune nécessité d’une correction supplémentaire sur la nor-

malisation, Finalement, nous corrigeons la forme des distributions

des variables qui seront utilisées pour le BDT. Pour cela, nous en-

trainons deux BDT à distinguer les données et les événements MC

sur l’échantillon hors-résonance puis sur l´échantillon avec une

trace supplémentaire.

Selection de la région de signal

Étant donné que la sélection revient à choisir une région de sig-

nal présentant une forte concentration de signal et une faible con-

centration de bruit de fond, nous sommes confrontés à une tâche

de classification. Nous utilisons un BDT comme classificateur bi-

naire pour séparer le signal du bruit de fond. Le BDT est entraîné

à l’aide de 18 variables, et les hyperparamètres ont été optimisés

à l’aide de Optuna [69]. Nous définissons ensuite notre région de

signal en aplatissant la contribution du signal et en sélectionnant les

événements dont la valeur à la sortie du BDT est supérieure à 0,4.

L’efficacité de la coupure dans la région de signal est de 70 × 10−4,

soit environ deux fois l’efficacité obtenue par l’analyse HTA, avec

une pureté de 6%, là aussi deux fois supérieure à ce qui avait été

obtenu durant la précédente analyse. Le rapport data/MC dans la

région de signal, montré dans la Table A.5, est considéré comme

satisfaisant du fait que les rapports soient à moins de 2σ de l’unité.

Sideband data/MC presel data/MC signal region

offres 1.026 ± 0.017 (6181 data evts) 1.25 ± 0.35 (18 data evts)
wc 1.003 ± 0.014 (12195 data evts) 1.18 ± 0.24 (39 data evts)
extra 1.027 ± 0.010 (68520 data evts) 1.32 ± 0.20 (78 data evts)

Table A.5: Rapport du nom-
bre d’événements data/MC
dans chaque échantillon de
contrôle, ainsi que avant et
après la sélection de la région
de signal. "offres" correspond
à l’échantillon hors-résonance,
"wc" est l’échantillon avec la
charge erronnée et "et" est
l’échantillon avec les traces
supplémentaires. La compati-
bilité data/MC est considérée
comme satisfaisante dans la
région de signal.

Étude des bruits de fond

Une fois la région de signal sélectionnée, nous avons déjà élim-

iné la majeure partie du fond qq̄, mais il subsiste encore quelques
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fonds BB̄, comme le montre la figure A.7. Nous pouvons donc

étudier les fonds restants et voir si certains d’entre eux apparaissent

fréquemment, afin de comprendre pourquoi ils imitent notre signal

et d’essayer de les réduire davantage. Comme on peut le voir sur

la figure A.8, les principales composantes du bruit de fond sont les

événements Dℓν + Dℓν, où ℓ ∈ {e, µ}, le premier Dℓν correspon-

dant au Btag et le second le Bsig. Bien que nous soyons satisfaits que

notre Btag soit correctement reconstitué, le fait est que le deuxième

Dℓν imite notre signal K+νν̄. Nous avons observé que la plupart

d’entre eux étaient en réalité des D se désintégrant en un méson K
accompagné de quelques mésons π. Nous avons vérifié que nous

perdons le ℓ en dehors de la zone d’acceptance du détecteur et que

le pion compagnon n’est pas reconstituable. Nous avons conclu à

l’irréductibilité de ce bruit de fond.

0.4 0.5 0.6 0.7 0.8 0.9 1.0BDT output0
50

100
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Candida
tes

Belle II simulation

B 0B0

B +B −
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uu, dd, ss, ττ

B + →K + νν

Figure A.7: Distribution de la
sortie du BDT dans la région
de signal.

Évaluation des incertitudes systématiques

La dernière étape avant l’ajustement consiste à évaluer les incerti-

tudes systématiques de l’analyse. Nous avons une incertitude sys-

tématique par correction. D’autres incertitudes systématiques sont

prises en compte, telles que l’incertitude sur le nombre de paires

BB̄, ou la statistique limitée de notre simulation. Pour chacune de

ces sources, nous pouvons définir un paramètre de nuisance qui sera

utilisé dans l’ajustement pour prendre en compte et contraindre

l’incertitude, en suivant le formalisme HistFactory [78]. Au total,

notre modèle statistique compte ainsi 168 paramètres.
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Bad tags proportion Figure A.8: Fractions de bruit

de fond dans la région de
signal.

Ajustement et extraction du BR

La dernière étape de l’analyse consiste à extraire le BR de la dés-

intégration B+ → K+νν̄. Comme nous nous intéressons à l’écart

éventuel par rapport à la prédiction du SM, nous préférons tra-

vailler avec l’intensité du signal µ, notre paramètre d’intérêt :

µ =
BR(B+ → K+νν̄)

BRSM(B+ → K+νν̄)

Afin d’obtenir l’intensité du signal puis le BR, nous commençons

par créer un histogramme à 6 bins dans la région de signal du

BDT. Nous obtenons ensuite le nombre attendu d’événements dans

chaque bin et pour chaque type de contribution grâce à la simu-

lation. À partir de ces chiffres, nous pouvons enfin effectuer un

ajustement par bins par la méthode du maximum de vraisemblance

pour extraire l’intensité du signal µ mais aussi les paramètres de

nuisances résumés. Pour plus de détails sur cette partie et les as-

pects techniques de l’ajustement, veuillez vous reporter à la doc-

umentation officielle de pure-python HistFactory (pyhf) [79].

Nous pouvons ensuite effectuer un ajustement de la vraisemblance

de profil sur µ pour obtenir la meilleure valeur d’ajustement µ̂ et

l’intervalle de confiance associé, en utilisant le théorème de Wilks



BIBLIOGRAPHY 127

[82] et la méthode CLs [83]. Le graphique issu de la méthode CLs

est présenté dans Figure A.9.

L’ajustement est d’abord effectué sur l’ensemble de données

Asimov, qui est l’ensemble de données pour lequel le nombre

d’événements dans chaque classe est égal au nombre attendu

d’événements. Cela nous permet d’obtenir la matrice de corréla-

tion des différents paramètres du modèle statistique ainsi qu’une

estimation de l’incertitude.

L’impact de chaque source d’incertitude est estimé à l’aide de la

méthode décrite dans [84]. Les incertitudes estimées sont résumées

dans Table A.6.
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CLs, exp±1  CLs, exp±2  CLs, exp= 0.1

Figure A.9: Intervalle de con-
fiance attendu en fonction de
l’intensité du signal µ ajusté
sur le jeu de données Asimov.

Afin de contrôler le biais de notre modèle statistique, nous réal-

ision un test de linéarité: nous générons des modèles dont on fait

varier les différents paramètres de nuisance dans leurs incertitudes,

puis nous injecton du signal au travers de µ, puis nous répétons

la procédure d’ajustement et extraction du signal. Nous testons en

injectant du signal à [1, 3, 5, 7, 10], 10 étant une valeur plafond aux

vues de la limite haute actuelle. Le test, représenté Figure A.10,

montre clairement que notre modèle n’est pas biaisé.

Finalement, le dernier test que nous faisons consiste à injecter

comme signal celui obtenu par la précédente analyse, à savoir un

µ de 4.6 [5], puis de comparer l’incertitude obtenue et la signifi-

cance dans le cas où nous devrions tester l’hypothèse "bruit de fond

uniquement". L’incertitude pour ce test est montrée dans Table A.7

et est au même niveau que celle obtenue dans l’analyse citée. Pour

ce qui est de la significance du test, nous obtenons une valeur de
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Systematic Category Absolute contribution
on branching fraction (×10−6)

StatMC 2.2
KL 1.0
Continuum 0.8
bkg norm 0.6
sgn eff + tracking 0.5
Backgrounds 0.4
KKLKL 0.3
nBB 0.2
Data/MC extra 0.1
FF 0.1
PID 0.1
D2KL 0.0
KX2nn 0.0
Kneutrons 0.0

Total systematic 2.7
Total statistical 4.3
Total 5.1

Table A.6: Résumé des incer-
titudes attendues sur le BR et
leurs impacts
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Figure A.10: Test de linéarité:
on fait varier notre modèle
statistique, puis on y injecte
du signal et on répéte la procé-
dure d’ajustement. La droite
en pointillée représente le cas
d’un modèle non-biaisé. 2000

modèles alternatifs ont été
généré pour chaque hypothèse
de signal.
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2.43, ce qui ne nous donne pas assez pour proclamer une preuve

de l’existence de cette désintégration au-delà d’un simple bruit de

fond.

Systematic Category Absolute contribution
on branching fraction (×10−6)

sgn eff + tracking 2.3
StatMC 2.1
bkg norm 1.7
KL 1.4
Continuum 0.9
nBB 0.6
Backgrounds 0.5
FF 0.4
KKLKL 0.3
Data/MC extra 0.2
PID 0.2
D2KL 0.0
KX2nn 0.0
Kneutrons 0.0

Total systematic 4.0
Total statistical 5.7
Total 7.0

Table A.7: Résumé des incer-
titudes attendues sur le BR et
leurs impacts avec un signal
injecté égal à celui obtenu par
l’analyse précédente (4.6).

Résumé et prochaines étapes

Pour résumer, nous avons mis en place une analyse pour mesurer

le BR de la désintégration B+ → K+νν̄ à l’aide d’une stratégie

de tagging semi-leptique à l’aveugle pour éviter l’introduction de

certains biais venant de l’expérimentateur. L’optimisation de la

selection nous donne une efficacité de signal d’environ 70 × 10−4,

soit environ deux fois l’efficacité obtenue par l’analyse HTA, ainsi

qu’une pureté de 6%, soit là aussi quasiment deux fois celle de

l’analyse HTA. Nous avons déjà une bonne estimation de notre

incertitude finale, à 5 × 10−6 pour l’hypothèse du SM et 7 × 10−6

pour l’hypothèse d’un rapport d’embranchement 4.6 fois supérieur

à la valeur prédite dans le SM, ce qui est clairement compétitif avec

les valeurs de l’état de l’art. Avant de pouvoir ajuster nos vraies

données, nous devons encore ajouter des échantillons de simulation

correspondant aux désintégrations B → Xsνν̄, un bruit de fond qui

pourrait s’avérer important.

Finalement, cette analyse promet une précision excellente qui

saura permettre de vérifier indépendamment les résultats obtenus

précédemment mais aussi d’apporter une contribution majeure

dans le cadre d’une combinaison avec les autres résultats.
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Résumé

Cette thèse détaille la stratégie pour mesurer la fraction de branchement des désintégrations B → K(∗)νν̄, en se

concentrant sur B+ → K+νν, dans l’expérience Belle II avec 487,7 fb−1 de données à la résonance Υ(4S). Ces

désintégrations, via la transition b → sνν̄, sont une sonde sensible de nouvelle physique grâce à la prédiction

précise du modèle standard. La présence de deux neutrinos impose la reconstruction du B associé (Btag) dans la

réaction Υ(4S) → Btag Bsig. Les Btag semi-leptoniques sont reconstruits par l’algorithme FEI. L’analyse repose

sur la simulation; des échantillons de contrôle sont définis pour corriger les erreurs de modélisation.

Avec 10 millions d’événements B+ → K+νν et des échantillons BB̄/qq̄ correspondant à 1948 fb−1, l’incertitude

totale attendue est estimée à 5 × 10−6 (hypothèse SM) et 7 × 10−6 (valeur actuelle de l’art). Cette mesure sera

aussi précise que les précédentes de Belle II, confirmant son importance comme mesure indépendante et pour

la combinaison des résultats.

Mots-clés: Belle II, SuperKEKB, B → K(∗)νν̄, B+ → K+νν, physique des particules, méson B, change de saveur

par courant neutre, nouvelle physique, modèle standard

Résumé en anglais

This thesis details the strategy for measuring the branching fraction of B → K(∗)νν̄ decays, focusing on

B+ → K+νν, in the Belle II experiment using 487.7 fb−1 of data at the Υ(4S) resonance. These decays, via the

b → sνν̄ transition, are a sensitive probe of new physics due to the Standard Model’s precise prediction. The

presence of two neutrinos requires the reconstruction of the associated B (Btag) in the Υ(4S) → Btag Bsig

reaction. The Btag semi-leptonic events are reconstructed using the FEI algorithm. The analysis relies on

simulation; control samples are defined to correct for modeling errors.

With 10 million B+ → K+νν events and samples BB̄/qq̄ samples corresponding to 1948 fb−1, the total expected

uncertainty is estimated at 5 × 10−6 (under the SM assumption) and 7 × 10−6 (current state of the art). This

measurement will be as precise as previous ones from Belle II, confirming its importance as an independent

measurement and for combining the results.

Mots-clés: Belle II, SuperKEKB, B → K(∗)νν̄, B+ → K+νν, particle physics, B meson, Flavour Changing Neutral

Current, New Physics, Standard Model
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