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abstract

The Standard Model of particle physics is the most successfully tested theory describing nature
at a fundamental level. Still, it is unable to provide answers to several fundamental questions,
for instance the origin of the matter-antimatter asymmetry of the universe: the amount of the
charge-parity (CP) symmetry violation necessary to explain it is, within the assumptions of
the Standard Model, more than what has been observed so far. There must exist, therefore,
undiscovered sources of CP violation.

CP violation was first observed in the K system in 1964 [1], then in the B system in 2001 [2]
and in the Bs system in 2007 [3], and finally in the D system only in 2019 [4]. The measurement
in the D system is particularly interesting because the charm quark is the only up-type quark
that exhibits mixing and CP violation.

In this thesis, I measure the time-integrated CP asymmetry of the D0 meson decay to three
pions π+π−π0. The Standard Model predicts, with large theoretical uncertainties, that the CP
asymmetry in this decay is at or below the level of current experimental sensitivity; however,
extensions of the Standard Model may enhance it. To perform the measurement, I use the
sample of electron-positron collisions collected by the Belle II experiment between 2019 and
2022 with a collision energy at or around the Υ(4S) resonance, corresponding to an integrated
luminosity of 428 fb−1.

My result, ACP = (0.29 ± 0.27(stat)± 0.13(sys))%, is compatible with conservation of the
CP symmetry, and improves the precision of the current world’s best determination by 34%.
With an increase in integrated luminosity of only 10%, most of the improvement is due to
the superior Belle II detector performance compared to previous B-factory experiments, and
the improved selection criteria and analysis strategy. At the time of writing, this result is
considered preliminary by the Belle II collaboration.
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introduction

The Standard Model of particle physics is the most successfully tested theory describing nature
at a fundamental level; still, it is unable to provide answers to several fundamental questions.
Among these, the origin of the matter-antimatter asymmetry of the universe: the amount of
the charge-parity (CP) symmetry violation that is necessary to explain the observations at the
cosmological scale is, within the assumptions of the Standard Model, more than what was
observed so far at the elementary particle level. There must exist, therefore, undiscovered
sources of CP violation.

While CP violation in the strange and beauty quark sectors has been established long ago,
and extensively studied, significant results in the charm sector are much fewer and more recent.
This is due to the much smaller magnitude of CP asymmetry and neutral meson mixing in this
sector, which are suppressed by the Glashow-Iliopoulos-Maiani mechanism and by the small
couplings to the third generation of quarks. Indeed, mixing was only established in 2007 [5, 6],
and CP violation was only observed in one channel, only by the LHCb experiment, in 2019.

The LHCb collaboration first observed a non-zero difference between the CP asymmetries
of D0 → K+K− and D0 → π+π− decays [4]; then, only in 2023, restricted the majority of the
CP violation to D0 → π+π− by measuring a D0 → K+K− CP asymmetry that is compatible
with zero [7]. It is not yet completely clear whether these measurements are compatible with
the Standard Model, as the predictions for the charm sector are plagued by large theoretical
uncertainties. Other observations have been conducted to restrict the possible origin of this CP
asymmetry, including measurements of the CP asymmetry in D0 → π0π0 and D+ → π+π0

decays at the Belle II experiment [8, 9]. In this context, both improving existing CP asymmetry
measurements and searching for CP violation in unexplored channels become very important.

In this thesis, I measure the time-integrated CP asymmetry of the D0 meson decay to three
pions π+π−π0. The Standard Model predicts, with large theoretical uncertainties, that the CP
asymmetry in this decay is at or below the level of current experimental sensitivity; however,
extensions of the Standard Model may enhance it, even by relatively large factors. Therefore,
the purpose of this measurement is both testing the Standard Model, and searching for possible
new physics contributions.

To perform the measurement, I use the sample of electron-positron collisions collected by
the Belle II experiment between 2019 and 2022 with a collision energy at or around the Υ(4S)
resonance, corresponding to an integrated luminosity of 428 fb−1. With only a 10% increase
in integrated luminosity compared to the current world’s best determination, which was
performed by the BABAR collaboration in 2007, I adopt a different analysis strategy to improve
the precision. I employ much looser selection criteria, exploiting the superior performance of
the Belle II detector, but also allowing my sample of signal decays to have much lower purity
compare to previous works. I then use a more advanced fit, that models several background
contributions, to extract the signal asymmetry, and employ D0 → Kπ decays as a control
channel to correct for detector-induced asymmetry biases.

I find no evidence of CP violation, nor any tension with previous measurements, and improve
the precision of the current world’s best determination of the CP asymmetry of this channel
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by 34%. At the time of writing, this result is yet to be approved by the Belle II collaboration,
therefore it may only be shown within the context of this thesis.

The thesis is organized as follows:
• in Chapter 1 I briefly introduce the Standard Model of particle physics, as well as CP

violation and mixing in the charm sector from the theoretical and experimental points of
view;

• in Chapter 2 I briefly introduce B-factory experiments, I describe the Belle II experiment
and the SuperKEKB particle collider, and I discuss particle reconstruction in the Belle II
software;

• in Chapter 3 I introduce the general strategy of my work, with a particular focus on
experimentally-induced asymmetries;

• in Chapter 4 I describe the reconstruction of the sample of signal D0 → π+π−π0 decays,
detailing the selection criteria I use and their motivation;

• in Chapter 5 I describe the various signal and background components of the signal
sample, the models I use to describe them, and the fit procedure I use to extract the
signal asymmetries;

• in Chapter 6 I describe how I reconstruct the D0 → Kπ control samples, and how I use
them to compute the corrections for the experimentally-induced asymmetries;

• in Chapter 7 I show the final result, and discuss the consistency checks I perform to
validate my strategy; and

• in Chapter 8 I describe the various source of systematic uncertainty that I consider, and
the method I use to estimate them

Finally, Chapter 9 concludes the thesis, with an outlook on future perspective of this measure-
ment at the Belle II experiment, and possible extensions.

In addition to this analysis work, during the three years of this PhD course I actively
took part in the operation and commissioning of the Belle II detector, particularly for what
concerns the silicon vertex detector which I describe in Chapter 2. Furthermore, I took part
in the development of the vertex detector upgrade from the point of view of both hardware
characterization and performance studies. Finally, I contributed to the development of the
Belle II software, which is used for data-taking, simulation, and analysis in this and all other
Belle II works, especially for what concerns the reconstruction of charged particles.



1
theoretical overview and motivation

The Standard Model (SM) of particle physics is, so far, the most successfully tested theory
describing nature at a fundamental level. Still, despite its tremendous accuracy in predicting the
interactions among particles, it is unable to provide answers to several fundamental questions.
Among these, at the cosmological scale, is the origin of the matter-antimatter asymmetry of
the universe: the violation of the charge-parity (CP) symmetry is necessary to explain it, but
the amount of CP violation observed so far is insufficient, within the assumptions of the SM, to
match the observations at the cosmological scale. There must exist, therefore, undiscovered
sources of CP violation.

In this thesis, I search for CP violation in charmed particle decays, specifically in the
D0 → π+π−π0 decay channel1.

In Section 1.1 I briefly introduce the SM; in Section 1.2 I discuss the CP symmetry and its
violation within the SM, introducing the formalism needed to describe it; in Section 1.3 I focus
on CP violation in the charm sector, recalling recent experimental results; finally, in Section 1.4 I
review the present experimental status of CP asymmetry measurements in the D0 → π+π−π0

decay channel.

1.1 the Standard Model of particle physics

The SM is a theory describing the elementary constituents of matter, and three of the four fun-
damental interactions among them: the electromagnetic, the weak, and the strong interactions
(leaving out the gravitational interaction). In this framework, matter is made of elementary
particles following the Fermi-Dirac statistics, or fermions, while their interactions are medi-
ated by the exchange of elementary particles following the Bose-Einstein statistics, or bosons.
Presently, the known particles include 12 fermions, each with its corresponding anti-fermion,
and five types of bosons [10]. This is summarized in Figure 1.1.

fermions The fermions can be divided into leptons and quarks. Both are organized in three
generations, each generation made of a doublet of particles. Fermions in the three generations
have very different masses, as shown in Figure 1.1; the reason for this mass hierarchy is one of
the open questions that the SM has left unanswered so far. All known elementary fermions
have spin 1

2 h̄.
Lepton doublets are each made of a charged lepton (in the three generations: electron e−,

muon µ−, and tauon τ−) and its corresponding neutrino (νe, νµ, ντ). Charged leptons have
electric charge −e and interact electromagnetically and weakly, while neutrinos have zero
electric charge and therefore only interact weakly. A different lepton family number (Le = 1,
Lµ = 1, Lτ = 1) is associated with each lepton: these are empirically observed to be conserved,
however the discovery of neutrino oscillations provided indirect evidence of their violation.

1 In this work, CP-conjugate decays are implied unless otherwise noted.
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Figure 1.1: The particles of the SM.

Each lepton has a corresponding anti-lepton (e+, µ+, τ+, and νe, νµ, ντ) with the same mass
and opposite quantum numbers.

Quark doublets are each made of an up-type quark (up u, charm c, and top or truth t) and a
down-type quark (down d, strange s, and bottom or beauty b). Up-type quarks have electric
charge 2

3 e, while down-type quarks have − 1
3 e. All quarks interact through all three interactions.

Each quark has its own flavor, which is conserved by the strong and electromagnetic interactions,
but not by the weak interaction. Quarks also have an additional quantum number, the color,
which is the charge of the strong interaction, and can assume three values called red, green,
and blue. Each quark has a corresponding anti-quark (u, c, t and d, s, u) with the same mass
and opposite quantum numbers.

Unlike leptons, quarks are never observed isolated due to the phenomenon dubbed confine-
ment, which is a consequence of their color charge and the strong interaction. Confinement
demands that the color charge be neutralized by forming bound states of quarks that result
in a color singlet under the strong interaction gauge symmetry SU(3)C, which I discuss in
Section 1.1.1. There are mainly two kinds of such states: mesons, made of a quark and an
anti-quark; and baryons, made of three quarks (with the corresponding anti-baryons, made of
three anti-quarks). More recently, a number of exotic four- or five-quark bound states have
been established.
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bosons Bosons act as mediators of the interactions by being exchanged between fermions.
As such, they are strictly related to the fundamental interactions, and originate from local
gauge group invariance, as discussed in Section 1.1.1.

The photon γ is the vector (i.e. spin 1) boson mediating the electromagnetic interaction. It is
massless and chargeless, which allows it to propagate at any distance without decaying.

The W+, W−, and Z0 vector bosons are the mediators of the weak interaction. They are
massive, which gives them the possibility to decay, causing the weak interaction to happen
only at short distance.

The gluons g are the vector bosons mediating the strong interaction. They exist in eight
states carrying different color charge. They are massless; however, due to their charge, they
quickly interact with quarks or other gluons, causing the strong interaction to happen only at
very short distance. This is also the reason behind quark confinement.

Finally, the scalar (i.e. spin-zero) Higgs boson H is responsible for the mechanism that
generates the masses of all massive particles, including itself.

1.1.1 The SM Lagrangian

The SM is a quantum gauge theory based on the SU(3)C ⊗ SU(2)I ⊗ U(1)Y symmetry group.
SU(3)C represents the color symmetry, related to the strong interaction, while SU(2)I and
U(1)Y represent the weak isospin and weak hypercharge symmetries, related to the electroweak
theory (the unified description of electromagnetic and weak interactions). In this framework,
bosons arise from the gauge fields associated with the symmetry groups, while fermions can
be interpreted as irreducible representations of the groups.

Before delving into the SM Lagrangian, let us introduce the notation. The fields associ-
ated with the symmetry groups, which correspond directly to the generators of the group
transformations, are:

• Bµ (where µ refers to the space and time components) for U(1)Y;
• Wa

µ (with a = 1, 2, 3) for SU(2)I ; and

• GA
µ (with A = 1, . . . , 8) for SU(3)C.

GA
µ is directly related to the eight gluons. We shall see later, instead, how the other two relate

to the photon, and the W± and Z0 bosons.
The weak interaction only couples to left-handed fermions. Therefore, it is necessary to

group them into multiplets of spinors of defined chirality. The notation for this is presented in
Table 1.1. Note that this notation refers to massless interaction eigenstates: the masses of the
fermions, and their mass eigenstates, shall be introduced later.
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Weak isospin Weak hypercharge Color

I3 Y C

Qint
L =

(
Uint

L

Dint
L

)
Uint

L = (uint
L , cint

L , tint
L )

Doublet

(
+1/2

−1/2

)
1/3

Tr
ip

le
t

Dint
L = (dint

L , sint
L , bint

L )

Uint
R = (uint

R , cint
R , tint

R ) Singlet (0) +4/3

Dint
R = (dint

R , sint
R , bint

R ) Singlet (0) −2/3

Lint
L =

(
νint

L

ℓint
L

)
νint

L = (νint
e,L, νint

µ,L, νint
τ,L) Doublet

(
+1/2

−1/2

)
−1

Si
ng

le
t

ℓint
L = (eint

L , µint
L , τint

L )

ℓint
R = (eint

R , µint
R , τint

R ) Singlet (0) −2

Table 1.1: Fermion representations as spinors of defined chirality. The L and R subscripts indicate
the left or right chirality of the field (ψR,L = (1 ± γ5)ψ), while the int superscript indicates
interaction eigenstates. Right-handed neutrinos are not included, since there is only indirect
evidence of their existence.

The SM lagrangian can be organized in five parts:

LSM = Lkin + LQCD + LEW + LH + LY . (1.1)

Lkin This is the kinetic part of the gauge fields

Lkin = −1
4

BµνBµν − 1
4

Wa
µνWµν

a − 1
4

GA
µνGµν

A (1.2)

with

Bµν = ∂µBν − ∂νBµ , (1.3a)

Wa
µν = ∂µWa

ν − ∂νWa
µ + 2gεabcWb

µWc
ν , (1.3b)

GA
µν = ∂µGA

ν − ∂νGA
µ + gs f ABCGB

µ GC
ν , (1.3c)

where g and gs are the weak and strong coupling constants, εabc is the Levi-Civita tensor, which
gives the structure constants of SU(2)I , and f ABC are the structure constants of SU(3)C. This
part also contains the self-interaction terms of the gluons (through f ABC). The kinetic terms of
the fermions are instead customarily included in the electroweak interaction part.

LQCD This is the quantum chromodynamics (QCD) part, which describes quark-gluon
interactions

LQCD = ∑
ψ

gsψGa
µTaγµψ for ψ = Qint

L , Uint
R , Dint

R , (1.4)

where Ta are the generators of the SU(3)C group, and γµ are the Dirac matrices. I will not
describe QCD in detail, as it is not so relevant for this work.

LEW This is the electroweak part, which describes the interaction between the Bµ and Wa
µ

fields and the fermions

LEW = ∑
ψ

ψiγµDµψ for ψ = Qint
L , Uint

R , Dint
R , Lint

L , ℓint
R , (1.5)
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where I introduced the covariant derivative

Dµ = ∂µ − i
g′

2
YBµ − i

g
2

τa
LWa

µ . (1.6)

τa
L are the Pauli matrices, i.e. the generators of SU(2)I , which only act on the left-handed

chiral fermions. g′ is the electromagnetic coupling constant. Y is the weak hypercharge, i.e. the
generator of U(1)Y, which is related to the electric charge Q and weak isospin I by

Q = I3 +
1
2

Y . (1.7)

the Higgs mechanism So far, there is no term in the Lagrangian accounting for the
masses of the fermions and the bosons. It is not possible to introduce such terms while
respecting gauge symmetry without introducing an external field. This is what happens under
the Higgs mechanism: a new ad-hoc scalar field Φ, the Higgs fields, is added to the Lagrangian

Φ =

(
ϕ+

ϕ0

)
LH = (DµΦ)†(DµΦ)− V(Φ) V(Φ) = µ2Φ†Φ + λ(Φ†Φ)2 . (1.8)

Φ is a weak isospin doublet with weak hypercharge Y = 1. If we choose µ2 < 0 and λ > 0, the
potential V(Φ) reduces to

V(Φ) = λ
(

Φ†Φ − v
2

)2
, (1.9)

which has a minimum for Φ†Φ = µ2/(2λ). This means that the vacuum expectation value is
non-zero: ⟨Φ⟩ = v/

√
2 = −

√
µ2/(2λ). This is called spontaneous symmetry breaking, as the

ground state is not symmetric under the symmetry groups. The magnitude of Φ is fixed, but
its direction is not: infinite equivalent ground states exist. However, it is always possible to
apply a gauge transformation so that only the real part of ϕ0 is non-zero; thus

⟨Φ⟩ =
(

0

v/
√

2

)
⇒ Φ =

1√
2

(
0

v + h(x)

)
, (1.10)

and the Higgs boson arises from h. v is the only dimensional parameter of the SM, and its
value is measured to be (GF

√
2)−1/2 ∼ 246 GeV, where GF is the Fermi coupling constant.

The quadratic term in the potential generates the mass of the Higgs boson, mH = v
√

2λ ∼
125 GeV/c2 [11].

Spontaneous symmetry breaking reduces SU(2)I ⊗U(1)Y to the electromagnetic U(1)Q. This
happens through the covariant derivative in the (DµΦ)†(DµΦ) terms of the Higgs Lagrangian,
where the Bµ and Wa

µ appear. Diagonalizing, the fields associated with the W± bosons (Wµ
±),

Z0 boson (Zµ), photon (Aµ) appear:

Wµ
± =

Wµ
1 ∓ iW2µ

2
,

(
Zµ

Aµ

)
=

(
cos θW − sin θW

sin θW cos θW

)(
Wµ

3

Bµ

)
, (1.11)

where the θW is the Weinberg angle, related to the weak and electromagnetic coupling constants
by e = g sin θW = g′ cos θW , where e is the elementary charge. Also, the boson masses can be
predicted by

mW =
1
2

vg, mZ =
1
2

v
√

g2 + g′2 , (1.12)
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while the photon remains massless because of the residual U(1)Q symmetry.
After spontaneous symmetry breaking, LEW can be rewritten in terms of the interaction

between physical bosons and fermions:

LEW = Lfree + LCC + LNC , (1.13a)

Lfree = ∑
ψ

ψiγµ∂µψ for ψ = Qint
L , Uint

R , Dint
R , Lint

L , ℓint
R , (1.13b)

LCC =
g√
2
(J+µ Wµ

− + h.c.), LNC = eJem
µ Aµ +

g
2 cos θW

J0
µZµ . (1.13c)

Lfree is the free motion kinetic term of the fermions. LCC and LNC are the charged and neutral
current terms, where I introduced the weak charged current J+µ (associated with W±), the
electromagnetic current Jem

µ (associated with the photon), and the weak neutral current J0
µ

(associated with the Z0). The charged current only interacts with the left-handed doublets,
coupling particles with opposite weak isospin

J+µ = iUint
L γµDint

L + iνint
L γµℓ

int
L , (1.14)

and corresponds to the charged V − A interaction. The electromagnetic and neutral currents,
instead, couple particles of both left and right chirality with particles of the same chirality and
weak isospin

Jem
µ =

2
3

iUintγµUint − 1
3

iDintγµDint + iℓintγµℓ
int , (1.15a)

J0
µ = iUint(cu

V − cu
Aγ5)γµUint + iDint(cd

V − cd
Aγ5)γµDint (1.15b)

+ iℓint(cℓV − cℓAγ5)γµℓ
int + iνint

L (1 − γ5)γµνint
L , (1.15c)

where the spinors without L or R suffix contain both chiral components, and the coefficients
cV and cA represent the vector and pseudovector couplings of the fermions f :

c f
V = I f

3 − 2Q f sin2 θW , c f
A = I f

3 . (1.16)

Finally, LY contains the Yukawa couplings between the Higgs field and the fermions, which
are responsible for the masses of the latter:

LY = −
3

∑
i,j=1

(
Yu

ij Q
int
L,iΦ

∗Uint
R,j + Yd

ijQ
int
L,iΦDint

R,j + Yℓ
ijL

int
L,iΦℓint

R,j + h.c.
)

, (1.17)

where i and j loop over the generations, and Yu,d,ℓ
ij are the 3 × 3 Yukawa couplings matrices.

This Yukawa part does not contain any term for neutrino masses, despite neutrino oscillations
being evidence that neutrino are massive. There are two possible solutions for this problem
(the Dirac and Majorana mass terms). However, it presently remains an open question. I will
not discuss this in any more detail, as it is not relevant for this work.

Yu,d,ℓ can be diagonalized using six unitary matrices Vu,d,ℓ
L,R :

Yu,d,ℓ → Vu,d,ℓ
L Yu,d,ℓ(Vu,d,ℓ

R )† . (1.18)

By doing this and substituting Φ with its vacuum expectation value in LY, we find the masses
of the fermions. The fact that Yu,d,ℓ are not diagonal in the interaction basis is symptom of
the fact that the interaction eigenstates Uint , Dint, ℓint, and νint are not eigenstates of the
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free-motion Lagrangian that governs the propagation of particles through space. Let us call the
latter eigenstates, i.e. the mass eigenstates, U, D, ℓ and ν: this will be defined by the relations

DL,i = Vd
L,ijD

int
L,j , DR,i = Vd

R,ijD
int
R,j, (1.19a)

UL,i = Vu
L,ijU

int
L,j , UR,i = Vu

R,ijU
int
R,j, (1.19b)

· · · (1.19c)

This change of basis has direct impact on the charged currents, but not on the neutral ones: for
instance, for the electromagnetic current of the up-type quarks

Jem,u
µ =

3

∑
i=1

2
3

iUint
i γµUint

i =
3

∑
i=1

2
3

iUiγµ

(
3

∑
j=1

Vu
ij (V

u
ji )

†

)
Ui =

3

∑
i=1

2
3

iUiγµUi , (1.20)

where the summation cancels due to the unitary of Vu. A similar cancellation happens for the
weak neutral current, but not for the charged current: for instance

Jq+
µ =

3

∑
i,j=1

iUint
L,iγµDint

L,j =
3

∑
i,j=1

iUL,iγµ

(
3

∑
k=1

Vu
L,ik(V

d
L,kj)

†

)
DL,j . (1.21)

The Vij = Vu
L,ik(V

d
L,kj)

† matrix is known as the Cabibbo-Kobayashi-Maskawa (CKM) matrix. It
allows to predict charged weak interactions while working with the mass eigenstates of the
quarks, which are customarily used. An analogous matrix, the Pontecorvo-Maki-Nakagawa-
Sakata (pmns) matrix, exists for the lepton sector; I will not describe it any further though, as
it is not relevant for this work.

1.1.2 The CKM matrix

A 3 × 3 complex matrix has, in general, 18 free parameters. The unitarity condition of the CKM

matrix reduces its parameters to 9: three angles and six complex phases. Furthermore, five of
these phases can be absorbed in the definition of the quark fields, leaving only three angles
and one phase.

The CKM matrix can be written as

VCKM =

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 , (1.22)

where Vq1q2 indicates the term relative to the coupling between the quarks q1 and q2. Many
parametrization of the CKM matrix exist. A “standard” choice is to express it as the product of
three rotation matrices, with the complex phase added in one of these [12]:

VCKM =

1 0 0

0 cos θ23 sin θ23

0 − sin θ23 cos θ23


 cos θ13 0 e−iδ sin θ13

0 1 0

−eiδ sin θ13 0 cos θ13


 cos θ12 sin θ12 0

− sin θ12 cos θ12 0

0 0 1

 ,

(1.23)
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where θij are the mixing angles among the generations (which can all be chosen in the first
quadrant for ease of notation), and δ is the irreducible complex phase. Using the experimental
result that θ13 ≪ θ23 ≪ θ12 ≪ 1, Lincoln Wolfenstein defined the parametrization [13, 14]

VCKM =

 1 − λ2/2 λ Aλ3(ρ − iη + iηλ2/2)

−λ 1 − λ2/2 − iηA2λ4 Aλ2(1 + iηλ2)

Aλ3(1 − ρ − iη) −Aλ2 1

+O(λ5) , (1.24)

which is unitary to all orders in λ. The four independent parameters λ, A, η and ρ are defined
so that they are all of O(1) with the exception of the sine of the Cabibbo angle λ ∼ 0.23 [15],
which acts as the small parameter for the series expansion:

λ = sin θ12 =
|Vus|√

|Vud|2 + |Vus|2
, A =

sin θ23

λ2 =
1
λ

∣∣∣∣Vcb

Vus

∣∣∣∣, ρ+ iη =
eiδ sin θ13

Aλ3 =
V∗

ub
Aλ3 . (1.25)

It is also common to replace ρ and η with the CKM-phase-independent

ρ + iη = −
VudV∗

ub
VcdV∗

cb
. (1.26)

unitarity triangles Precise measurement of the CKM parameters is of fundamental
importance for testing the SM. The unitarity of the CKM matrix imposes two strong requirements

∑
i

VijV∗
ik = δjk, ∑

i
VjiV∗

ki = δjk . (1.27)

The six vanishing sums can be interpreted as triangular relations, and represented as triangles
in the complex plane. The least degenerate triangle is given by

VudV∗
ub + VcdV∗

cb + VtdV∗
tb

VcdV∗
cb

= 0 , (1.28)

and is shown in Figure 1.2. Many different measurements are performed to test the relations
represented by these triangles in terms of its angles and its free sides; they are then combined
to over-constrain the free vertex: see, for example, [16, 17].

(0, 0) (1, 0)

(ρ, η) ∣∣∣∣VtdV∗
tb

VcdV∗
cb

∣∣∣∣∣∣∣∣VudV∗
ub

VcdV∗
cb

∣∣∣∣
γ = ϕ3 β = ϕ1

α = ϕ2

Figure 1.2: The least degenerate unitarity triangle, with the two naming conventions for the angles.

The triangle relevant for the charm sector is given by

VudV∗
cb + VusV∗

cs + VubV∗
cb = 0 . (1.29)

It is close to degeneracy: two sides are of O(λ), while the third is of O(λ5). This is related to
the small magnitude of CP violation in the charm sector, which I discuss in Section 1.3.
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1.2 CP violation and neutral meson mixing

Parity (P) is the operation of spatial inversion through the origin x⃗ → −x⃗. Even if they are
point-like, elementary particles exhibit an intrinsic parity. Parity conservation arises naturally
in quantum electrodynamics (QED) and in QCD due to the vector nature of such interactions.
However, the weak interaction does not conserve P, due to the simultaneous presence of vector
and pseudovector terms.

Charge conjugation (C) is the operation that inverts all quantum numbers. Essentially, it
replaces each particle with its antiparticle. While both QED and QCD conserve C, the weak
interactions do not.

When P and C violations were first observed in the β decay [18–21], it was proposed that
the combination CP of the two broken symmetries remains unbroken [22]. Alas, also CP is only
approximately conserved, though to a much better degree than C and P [1].

CP violation is actually a fundamental ingredient for a convincing explanation of the
prevalence of matter over antimatter at the cosmological scale [23]. One can identify three
possible sources of CP violation: one in the quark sector, which is discussed later; one in
the strong interaction, which, however, is observed to be vanishingly small; and one in the
lepton sector, for which only upper limits exist so far due to the elusiveness of neutrinos. The
observed CP violation in the quark sector is insufficient, within the SM framework, to explain
the matter-antimatter asymmetry of the universe. This could be, however, resolved by the
presence of sufficient, yet-to-be-observed CP violation in the lepton sector. If this, too, is found
by experiment to be insufficient, new sources of CP violation will have to be introduced by
new physics beyond the SM.

CP violation in the quark sector Under the SM, CP violation in the quark sector can
be attributed to a single parameter: the irreducible complex phase δ of the CKM matrix. The
reason for this may be seen by considering the amplitude for a decay process M → f , and its
CP conjugate M → f

A = A(M → f ) = |A| eiθeiϕ, A = A(M → f ) = |A| eiθe−iϕ , (1.30)

where I used |A| for the magnitude (invariant under CP), and I split the phase in non-CKM

part θ (invariant under CP, often called “strong phase”) and CKM part ϕ (which changes sign
under CP, and is often called “weak phase”). Physical rates depend on |A| 2, so there is no
difference in this scenario. However, consider a process that can happen through two different

contributions, M 1−→ f and M 2−→ f , each with its own amplitude

A = |A1| eiθ1 eiϕ1 + |A2| eiθ2 eiϕ2 , (1.31a)

A = |A1| eiθ1 e−iϕ1 + |A2| eiθ2 e−iϕ2 , (1.31b)

⇒ |A| 2 − |A| 2
= 4|A1| |A2| sin(θ1 − θ2) sin(ϕ1 − ϕ2) . (1.31c)

A difference arises, thus CP is violated.
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CP violation is also linked to the area of the unitarity triangles. All triangles have the same
area, which is half the Jarlskog invariant

J = cos θ12 cos2 θ13 cos θ23 sin θ12 sin θ13 sin θ23 sin δ (1.32a)

= Im[VijVklV∗
il V∗

kj] for (i, k) and (j, l) = (1, 2), (2, 3), (3, 1) (1.32b)

∼ 3 × 10−5 . (1.32c)

The area thus becomes a measurement for CP violation.

1.2.1 Neutral meson mixing

There are four known neutral meson systems that undergo the phenomenon known as mixing.
These are the K0–K0, B0–B0, Bs–Bs, and D0–D0 systems2. The phenomenon arises because these
mesons are flavor, i.e. interaction, eigenstates, but not mass eigenstates: they are produced and
decay as the flavor eigenstates, but these states mix as the particles propagate in space as mass
eigenstates.

Let us consider a system made of only two states, the neutral meson P0 and its antiparticle
P0, which are distinguished only by their flavor. At time t = 0 the state will be, in general, a
superposition of the two

|ψ(0)⟩ = a(0)
∣∣P0〉+ b(0)

∣∣P0〉 . (1.33)

This evolves in time as dictated by the Schrödinger equation

i∂t |ψ(t)⟩ = H |ψ(t)⟩ ⇒ |ψ(t)⟩ = a(t)
∣∣P0〉+ b(t)

∣∣P0〉+ c1(t) | f1⟩+ . . . (1.34)

where H is the Hamiltonian of the system, and fi are the possible final states in which the
neutral (anti-)meson can decay. For simplicity, let us forget the decay final states and restrict
ourselves only to the P0 and P0 states: H becomes a 2 × 2 matrix that is, however, no longer
Hermitian (because the decay final states are now outside of our model). Let us rewrite it as

H = M − i
2

Γ (1.35)

where both M and H are Hermitian. The former is associated with the masses of the states,
while the latter with their decay widths. On-diagonal terms are associated with flavor-
conserving transitions P0 → P0 and P0 → P0, while off-diagonal terms are associated with
flavor-changing P0 ↔ P0 transitions.

The eigenvectors of H, i.e. the mass eigenstates, have well-defined masses and widths. Let us
define the two mass eigenstates P1 and P2 as a function of the flavor eigenstates by introducing
p and q, two complex parameters such that

|P1⟩ = p
∣∣P0〉+ q

∣∣P0〉 , |P2⟩ = p
∣∣P0〉− q

∣∣P0〉 with |p| 2 + |q| 2 = 1 . (1.36)

Note that, by adding a third parameter, CPT violation can be described as well; however, I will
restrict myself to the cases where CPT is conserved: this implies M11 = M22 and Γ11 = Γ22.
Then, diagonalizing H, q and p are given by

q
p
= ±

√
M∗

12 −
i
2 Γ∗

12

M12 − i
2 Γ12

. (1.37)

2 K0 is defined as a ds state; B0 as a db state; Bs as an sb state; and D0 as a cu state.
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Here I choose the plus sign for q/p (choosing the minus corresponds to swapping P1 and P2).
Note that the eigenstates have, in general, different masses and decay widths3:

∆m ≡ m2 − m1 = −2 Re
[

q
p

(
M12 −

i
2

Γ12

)]
, (1.38a)

∆Γ ≡ Γ2 − Γ1 = 4 Im
[

q
p

(
M12 −

i
2

Γ12

)]
, (1.38b)

where m1,2 and Γ1,2 are the masses and widths of the eigenstates. If CP is conserved, then the
eigenstates are orthogonal, thus ⟨P1|P2⟩ = |p| 2 − |q| 2 = 0.

The time evolution of the mass eigenstates is, as one can expect, trivial: each eigenstate
decays exponentially, and never mixes with the other:

|P1(t)⟩ = e−iλ1t |P1⟩ , |P2(t)⟩ = e−iλ2t |P2⟩ , (1.39a)

λ1,2 = m1,2 −
i
2

Γ1,2 =

(
m ± ∆m

2

)
− i

2

(
Γ ± ∆Γ

2

)
= M11 −

i
2

Γ11 ±
q
p

(
M12 −

i
2

Γ12

)
, (1.39b)

Probability(P1 → P1, t) = |⟨P1(t)|P1⟩| 2 ∝ e−Γ1t, (1.39c)

Probability(P1 → P2, t) = |⟨P2(t)|P1⟩| 2 = 0 , (1.39d)

where λ1,2 are the eigenvalues of H, and m and Γ are the average mass and decay width.
Changing basis to the flavor eigenstates, the equations become

Probability(P0 → P0, t) = |
〈

P0(t)
∣∣P0〉| 2

= |g+(t)| 2, (1.40a)

Probability(P0 → P0, t) = |
〈

P0(t)
∣∣P0〉| 2

= |g+(t)| 2, (1.40b)

Probability(P0 → P0, t) = |
〈

P0(t)
∣∣P0〉| 2

= |g−(t)| 2|q/p| 2, (1.40c)

Probability(P0 → P0, t) = |
〈

P0(t)
∣∣P0〉| 2

= |g−(t)| 2|p/q| 2, (1.40d)

with g±(t) ≡
e−iλ1t ± e−iλ2t

2
. (1.40e)

If |q/p| = 1 (this is the case if either CP or the time-inversion symmetry T is conserved), then

Probability(P0 → P0, t) =
1
2

e−Γt
(

cosh
(

∆Γ
2

t
)
+ cos(∆m t)

)
, (1.41a)

Probability(P0 → P0, t) =
1
2

e−Γt
(

cosh
(

∆Γ
2

t
)
− cos(∆m t)

)
. (1.41b)

This is shown in Figure 1.3 for the sets of parameters roughly corresponding to the four mixing
systems, which are reported in Table 1.2. The ∆m parameter is responsible for the so-called
flavor oscillations, which are particularly evident for the Bs–Bs system. The ∆Γ parameter,
instead, can subvert the exponential decay: this happens because large ∆Γ means that the mass
eigenstates have very different decay widths and, therefore, mean lifetimes.

Let us now consider the decay into a final state f . I will assume that flavor is not conserved
by the decay, and therefore that it must happen through the weak interaction. Let use define
the decay amplitudes for the flavor eigenstates

A f = A(P0 → f ) =
〈

f
∣∣Hw

∣∣P0〉 , A f = A(P0 → f ) =
〈

f
∣∣Hw

∣∣P0〉 , (1.42)

3 In this theoretical overview, I use natural units c = 1 = h̄.
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(c) Bs–Bs system.
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(d) D0–D0 system.

Figure 1.3: Rough plots of the neutral meson oscillations for the four mixing systems. Parameter values
from [15]. The blue line is for the probability of keeping the producing flavor; the red line
for changing flavor; the thick purple line is their sum; and the black dotted line is the simple
exponential we would have without mixing.

where Hw is the Hamiltonian of the weak interaction. Then the decay rates are

dΓ(P0(t) → f )
dt

∝ |
〈

f
∣∣Hw

∣∣P0(t)
〉
| 2

=

∣∣∣∣g+(t) 〈 f
∣∣Hw

∣∣P0〉+ q
p

g−(t)
〈

f
∣∣Hw

∣∣P0〉∣∣∣∣2, (1.43a)

=

∣∣∣∣g+(t)A f +
q
p

g−(t)A f

∣∣∣∣2 = |A f | 2|g+(t) + λ f g−(t)| 2, (1.43b)

dΓ(P0(t) → f )
dt

∝
∣∣∣∣g+(t)A f +

p
q

g−(t)A f

∣∣∣∣2 = |A f |
2
∣∣∣∣g+(t) + 1

λ f
g−(t)

∣∣∣∣2, (1.43c)

where λ f ≡
q
p
A f

A f
, (1.43d)
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System K0–K0 B0–B0 Bs–Bs D0–D0

x ≡ ∆m/Γ −0.9462 ± 0.0017 0.7697 ± 0.0035 26.99 ± 0.09 0.0041 ± 0.0005

y ≡ ∆Γ/(2Γ) 0.996 506 ± 0.000 014 −0.005 ± 0.017 0.064 ± 0.004 0.006 47 ± 0.000 24

Table 1.2: Parameter values for the four mixing systems [15].

or, more explicitly, and highlighting in red the terms that differ [24],

dΓ(P0(t) → f )
dt

∝
1
2
|A f | 2e−Γt

(
(1 + |λ f | 2) cosh

∆Γ
2

t + (1 − |λ f | 2) cos ∆m t (1.44a)

− 2 Re[λ f ] sinh
∆Γ
2

t + 2 Im[λ f ] sin ∆m t
)

, (1.44b)

dΓ(P0(t) → f )
dt

∝
1
2
|A f |

2
e−Γt

(
(1 + |1/λ f | 2) cosh

∆Γ
2

t + (1 − |1/λ f | 2) cos ∆m t (1.44c)

− 2 Re[1/λ f ] sinh
∆Γ
2

t + 2 Im[1/λ f ] sin ∆m t
)

, (1.44d)

and, for the CP-conjugate final state f ,

dΓ(P0(t) → f )
dt

∝
1
2
|A f |

2e−Γt
(
(1 + |λ f |

2) cosh
∆Γ
2

t + (1 − |λ f |
2) cos ∆m t (1.44e)

− 2 Re[λ f ] sinh
∆Γ
2

t + 2 Im[λ f ] sin ∆m t
)

, (1.44f)

dΓ(P0(t) → f )
dt

∝
1
2
|A f |

2
e−Γt

(
(1 + |1/λ f |

2) cosh
∆Γ
2

t + (1 − |1/λ f |
2) cos ∆m t (1.44g)

− 2 Re[1/λ f ] sinh
∆Γ
2

t + 2 Im[1/λ f ] sin ∆m t
)

, (1.44h)

with λ f ≡
q
p

A f

A f
, A f =

〈
f
∣∣∣Hw

∣∣∣P0
〉

, A f =
〈

f
∣∣∣Hw

∣∣∣P0
〉

. (1.44i)

1.2.2 CP violation in mixing systems

In neutral meson mixing systems, CP violation can occur in three different ways: in the decay,
in mixing, or in the interference between decay amplitudes with and without mixing. The
experimental observable I measure in this work is the time-integrated CP asymmetry

ACP(P0 → f ) ≡ Γ(P0 → f )− Γ(P0 → f )
Γ(P0 → f ) + Γ(P0 → f )

with Γ(a → b) ≡
∫ ∞

0

dΓ(a(t) → b)
dt

dt . (1.45)

All three ways may contribute to CP violation in a specific decay at the same time, and all will
contribute to ACP.
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CP violation in the decay This occurs when the probability of P0 → f is different
from that of P0 → f . This implies a difference in the modulo of the amplitudes A f and A f :∣∣∣∣∣A f

A f

∣∣∣∣∣ ̸= 1 ⇒ ACP =
|A f /A f |

2 − 1

|A f /A f |
2
+ 1

. (1.46)

This kind of CP violation can only occur if the amplitudes A f and A f contain at least two
different contributions with different “strong” and “weak” phases, as shown in Equation 1.31.

CP violation in the decay is a type of direct CP violation, as it involves an irreducible weak
phase in the physical decay amplitudes A f and A f . This is also the only kind of CP violation
that can occur in charged mesons (which do not form a mixing system).

CP violation in the mixing This occurs when the probability of a flavor change
P0 → P0 is different from that of P0 → P0. This implies that the mixing parameters p and q
have different magnitude: ∣∣∣∣ q

p

∣∣∣∣ ̸= 1 ⇒ ACP =
1 − |q/p| 4

1 + |q/p| 4 . (1.47)

Note that this kind of CP violation is actually time-independent:

ASL(t) ≡
d
dt Γ(P0(t) → f )− d

dt Γ(P0(t) → f )
d
dt Γ(P0(t) → f ) + d

dt Γ(P0(t) → f )
=

1 − |q/p| 4

1 + |q/p| 4 , (1.48)

where the SL subscript comes from the fact that this effect is best measured in charged-current
semileptonic decays P0 → ℓ+X−, as this is the only contribution at the lowest SM order.

CP violation in the mixing is a type of indirect CP violation, as it does not involve any
irreducible weak phase in the physical decay amplitudes A f and A f .

CP violation in the interference When the same final state f (including all CP
eigenstates) is accessible by both flavors P0 and P0, the decay amplitude P0 → f always
includes two contributions:

1. the direct decay P0 → f , and
2. the mixing-then-decay P0 → P0 → f .

The amplitude from these two ways can interfere, giving rise to CP violation. This happens
when λ f has a “weak” phase, i.e. a phase that changes sign under CP conjugation

arg[λ f ] + arg[λ f ] ̸= 0 , (1.49)

or just Im[λ f ] ̸= 0 if f is a CP eigenstate.
Note that this kind of CP violation may occur even when both other kinds do not, i.e. when

both |q/p| = 1 and |A f /A f | = 1.

1.2.3 Mixing in the Standard Model

Contributions to the mixing amplitudes can be classified by the travel distance of intermediate
states, compared to the typical strong interaction scale. Figure 1.4 shows the Feynman diagrams
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Figure 1.4: Leading-order contributions to mixing amplitudes for the D0–D0 system.

for the leading-order mixing contributions (for the D0–D0 system, but analogous diagrams
can be drawn for the other systems).

In Figure 1.4a the intermediate states are the massive W bosons. Since mW ∼ 80 GeV/c2

while m0
D ∼ 1.9 GeV/c2, these intermediate states will always be off-shell virtual particles.

Their travel distance will be vanishingly small: in fact, this interaction can be written as a
Fermi four-point interaction. Contributions of this kind are called short-distance contributions,
and contribute mainly to ∆m, the mixing parameter responsible for the oscillations.

In Figure 1.4b the intermediate states are made of quarks, which may hadronize into on-shell
intermediate states (especially the light ones). Besides introducing QCD contributions, these
states may travel for distances comparable to the typical strong interaction scale, and are
therefore called long-distance contributions. They mainly contribute to ∆Γ.

The mixing parameters for the four systems are reported in Table 1.2. Short-distance
contributions dominate in the B0–B0 system thanks to the contribution for the very massive top
quark. They are, instead, very suppressed in the D0–D0 system both because the bottom quark
is not nearly as heavy as the top, and because inter-generation interactions are suppressed by
the CKM matrix. In this case, also the contributions from the light quarks (u and d) are very
suppressed, since the Glashow-Iliopoulos-Maiani (GIM) mechanism is more effective when
there are only two generations involved [25].

The amount of long-distance contribution depends on the amount of final states that are
common between the meson and the anti-meson, since only these can act as intermediate
hadronic states. The K0 mesons almost exclusively decay in two pions (charged or neutral),
meaning that almost all the possible final states are in common: this leads to the very large
∆Γ. The B0 system is in the opposite situation. For D0 mesons, long-distance contributions are
dominant, but only because of the strong suppression of the short-distance diagrams.

1.3 CP violation in the charm sector

CP violation and mixing were first discovered in th K0–K0 system in the 1960s. The B0–B0

system has been under study since the 1990s, both in terms of mixing and CP asymmetry, as it
is our main gateway to measure most SM parameters. CP violation and mixing of D0 mesons,
instead, have a much more recent history.

The SM predicts much smaller mixing and CP asymmetries in charm compared to the other
systems:

• mixing is suppressed by the relatively small mass of the b quark and the GIM mechanism,
as discussed in Section 1.2.3 and shown in Table 1.2 and Figure 1.3;
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• CP violation at the tree level is introduced only by Vcs, which has a very small imaginary
part Im[Vcs] = −ηA2λ4 ∼ −6 × 10−4; and

• CP violation at the loop level could take a large phase from Vub, but this is always paired
to Vcb, suppressing the effect to |VubVcb| ∼ O(λ5).

In particular, CP asymmetries are typically predicted to be O(10−3) at most. This makes their
measurement much harder from the experimental point of view: On top of that, the presence
of long-distance contributions makes the computation of theoretical predictions particularly
cumbersome, as these contributions are essentially non-perturbative due to the involvement of
low-energy QCD.

The D0–D0 mixing, which is now well-established, was actually only observed in 2007 at
the first-generation B-factory experiments BABAR and Belle [5, 6]. Evidence of CP violation was
only observed indirectly in one decay channel, D0 → π+π−, through the measurement in 2019

of the CP asymmetry difference

∆ACP = ACP(D0 → K+K−)−ACP(D0 → π+π−) = (−1.54 ± 0.29)× 10−3 , (1.50)

where the uncertainty includes both statistical and systematic contributions, and of the CP
asymmetry ACP(D0 → K+K−) = (0.68 ± 0.54(stat)± 0.16(sys))× 10−3 in 2023, both at the
LHCb experiment [4, 7]. These measurements allow to compute the direct D0 → π+π− CP
asymmetry ad

π+π− = (2.3 ± 0.6)× 10−3. It is not completely clear whether these measurements
are compatible with SM predictions, due to the aforementioned non-perturbative QCD effects
affecting the prediction itself. Several attempts are being made to reduce these uncertainties,
both from the theoretical and the experimental side [26–30].

Among these efforts, the Belle II collaboration is publishing measurements of the CP
asymmetry in the isospin-related D0 → π0π0 and D+ → π+π0 decay modes [8, 9]. A sum rule
based on the asymmetries and branching fractions of these three modes, and on the mean lives
of the D0 and D+ mesons, allows to determine whether CP violation arises from ∆I = 1/2
amplitudes, allowed within the SM, or ∆I = 3/2 amplitudes, forbidden by the SM [30]. The
Belle II experiment is particularly suited for this kind of measurements involving neutral final-
state particles, thanks to its low-particle-multiplicity events (compared to hadronic collider
experiments), completely known initial state kinematic, and excellent photon reconstruction
performance. To complete the picture, other notable charm CP violation measurements at
Belle II include those of the D0 → K0

S K0
S CP asymmetry [31, 32], and the first model-independent

measurement of the D0–D0 mixing parameters x = ∆m/Γ and y = ∆Γ/(2Γ) at a B factory
experiment, using the D0 → K0

S π+π− decay channel [33].
Now that the experimental sensitivity is approaching the level of SM predictions, there are

several reasons for studying CP violation in the charm sector:
• to test the predictions of the SM in a sector, as of yet, almost unexplored;
• to search for new physics contributions to CP violation; and
• to test our quantitative understanding of non-perturbative QCD and or techniques for

computing its contributions (e.g. lattice QCD).
Concerning the first point, it is important to stress the necessity for studying CP violation in
different channels, and independently with different experiments.

The second point deserves more discussion. Here, the charm sector presents a unique
opportunity in two ways. From the experimental point of view, the fact that SM predictions are
so small provides a very clean environment to probe for contributions that are not accounted
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for. From the theoretical point of view, it is conceivable for a new physics model to introduce
effects with a natural preference for up-type quarks [34, 35]. Flavor-changing neutral currents
are a common example of such an additional contribution. Note that probing models where
the up sector plays a special role is almost exclusively possible with charm: the light u quarks
produce only a few neutral hadrons that can not mix (π0 and η are their own antiparticle), and
have so few decay channels that CP symmetry is essentially implied by CPT invariance; and
the t quark decays before hadronizing, again preventing mixing and denying many options
for CP violation searches. While the top and up quarks still offer opportunities (e.g. searches
for electric dipole moments), the charm sector offers a much more fertile ground [36].

Cabibbo-suppressed charm decays It is convenient to classify the D0 decays depend-
ing on the strangeness4 S of the final state:

• D0 → [S = −1] decays, like D0 → K−π+, are called Cabibbo favored, as they only involve
the large, on-diagonal elements of the CKM matrix Vud ≃ Vcs ≃ cos θC ∼ 0.97;

• D0 → [S = 0] decays, like D0 → π+π− or D0 → K+K−, are called singly Cabibbo
suppressed, as they involve one off-diagonal element Vcd ≃ −Vus ≃ sin θC ∼ 0.23; and

• D0 → [S = 1] decays, like D0 → K+π−, are called doubly Cabibbo suppressed, as they
involve two off-diagonal elements;

where θC ≡ θ12 ∼ 13◦ is the Cabibbo angle (λ ≡ sin θC), and CP-conjugate decays are implied.
The most striking difference is that decay rates of the latter two are suppressed by a factor of
about 20 and 400 with respect to the former (at least, for SM contributions). However, there are
also important implications for the amount of CP violation predicted by the SM.

In D → PP and D → PV decays (where P and V indicate a pseudoscalar and a vector
meson), time-integrated CP asymmetries arise only when two amplitudes with different
“strong” and “weak” phases contribute (see Equation 1.31):

ACP = −2
|A2/A1| sin(θ1 − θ2) sin(ϕ1 − ϕ2)

1 + |A2/A1| 2 + 2|A2/A1| cos(θ1 − θ2) cos(ϕ1 − ϕ2)
. (1.51)

In the SM, two substantial amplitudes of this kind exist only for singly Cabibbo suppressed
channels:

1. the tree-level c → ddu, which proceeds through VcdV∗
ud = −λ + λ3/2, or c → ssu, which

proceeds through VcsV∗
us = λ − λ3/2 − iηA2λ5; and

2. the loop-level “gluonic penguin” diagram, which can proceed through the above and
also through the suppressed VcbV∗

ub = A2λ5(ρ + iη) +O(λ7).
Example Feynman diagrams visualizing amplitudes are shown in Figure 1.5.

Let us consider the relative “weak” phase between these amplitudes. I neglect the VcbV∗
ub

contributions, since they are suppressed by a factor λ4 ∼ 3 × 10−3 with respect to the others,
which means a similar suppression factor would act on ACP as shown by Equation 1.51. VcdV∗

ud
has no “weak” phase, so that the relative phase between c → ddu and c → ssu is

arg(VcsV∗
us) = arctan

Im[VcsV∗
us]

Re[VcsV∗
us]

≃ −ηA2λ4 ∼ −6 × 10−4 (1.52)

4 The flavor associated to the s quark: S(s) = −1 and S(s) = 1.
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Figure 1.5: Some Feynman diagrams for the D0 → π+π− and D0 → K+K− processes, showing the
most substantial amplitudes mentioned in the text.

modulo spin effects. The relative “strong” phases can be taken for granted: charm decays
proceed through many hadronic resonances, so suppression from strong phase shifts is
extremely unlikely [37]. With this, we can expect ACP approximately of order 10−3.

CP violation beyond the sm As introduced, current experimental results allow for
yet-undetected new physics contributions to the CP asymmetry of D0 decays. There are little
constraints on the possible origin of this additional CP violation. I report here two different
possibilities as an example.

The first is the arise of relative phases between decay amplitudes with and without D0–D0

mixing. The present experimental constraints leave these phases with enough freedom to
produce significant effects. In this case, CP violation would be produced in the interference
between decays with and without mixing [35].

The second possibility involves the extension of the SM with a Z′ boson whose couplings
are not diagonal in the flavor representation. Besides enhancing CP violation in charm, such a
model may be used to explain both the measured value of ∆ACP (see Equation 1.50), and other
anomalies such as the lepton flavor universality violation in B → K∗ℓ+ℓ− [38].

the D0 → π+π−π0
decay The focus of this work is the singly-Cabibbo-suppressed

D0 → π+π−π0 decay channel. It is almost exclusively a decay of the form D → PV, as it
proceeds mainly through the three D0 → ρ±,0π∓,0 resonances. Each of these may produce CP
violation alone, even without considering the interference among the three. Other resonances
(excited ρ, f0, and f2 states) provide only minor contributions. The same can be said of
non-resonant amplitudes [39]. Within the framework of the SM, it is reasonable to expect
CP asymmetries of O(10−3) [40], although theoretical predictions are complicated by non-
perturbative QCD contributions which lead to large uncertainties.

While the final state appears identical for the two flavors, there are actually kinematic
differences between D0 and D0 mesons. Among the dominant D0 → ρπ intermediate resonant
states, D0 → [ρ+ → π+π0]π− is significantly more frequent than the others. Since mρ ∼
0.77 GeV/c2 and mD0 ∼ 1.87 GeV/c2, low π+π0 pair invariant masses are favored; in turn, this
means that the π+ tends to have lower momentum than the π−. For the D0 meson, the situation
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is reversed by the CP operator: D0 → [ρ− → π−π0]π+ is the most frequent intermediate state,
favoring low π−π0 masses and, thus, lower π− momenta.

1.4 experimental status of D0 → π+π−π0

There are four recent searches for CP violation in the D0 → π+π−π0 decay which are relevant
to date, none of which found any evidence for CP violation. These are summarized in Table 1.3.

Experiment Measurement Luminosity Candidates Ref.

BABAR ACP = (0.31 ± 0.41 ± 0.17)% 385 fb−1 (e+e−) 82 × 103 [41]

Belle ACP = (0.43 ± 0.41 ± 1.23)% 532 fb−1 (e+e−) 123 × 103 [42]

LHCb Energy test p-value = 62% 6 fb−1 (pp) 2.5 × 106 [43]

LHCb ∆Y = (−1.3 ± 6.3 ± 2.4)× 10−4 7.7 fb−1 (pp) 3.8 × 106 [44]

Table 1.3: The most recent searches for CP violation in D0 → π+π−π0.

The measurement by the BABAR experiment is the most precise ACP determination to date.
It was performed by reconstructing a very pure (98%) sample of D0 mesons, subtracting
background (estimated from sideband regions), correcting efficiency effects (estimated on sim-
ulation) and counting candidates for the two flavors. Contextually, Dalitz-plot-dependent and
helicity-angle-dependent ACP were measured, and a Dalitz plot fit was performed (allowing
for different amplitudes and phases in the two flavors and looking for differences).

The measurement by the Belle experiment adopted a similar approach as BABAR.
The LHCb experiment performed two different searches. In the first one, the energy test

method [45] was used to compare the Dalitz plot distributions on an unbinned basis. In the
second, the ∆Y parameter [46], related to time-dependent CP violation, was measured.

Finally, the resonant contributions to the decay amplitude are known from the amplitude
analysis performed by BABAR experiment in [39], where CP symmetry was assumed. This is
used as input for the Belle II simulations.



2
the Belle II experiment

Following the discovery of the b quark, B-factory collider experiments were envisioned for
measuring the Standard Model (SM) parameters in the beauty sector, with a particular focus
on CP violation, and for verifying the predictive power of the Kobayashi-Maskawa mechanism.
This kind of experiment also provides an ideal environment for studies in the charm and
tau sectors, for searches for beyond-SM particles, and more. The first-generation B-factory
experiments BABAR and Belle ran from 1999 to 2010; afterwards, the Belle II experiment was
conceived as a major upgrade of Belle and its collider KEKB.

In this chapter, I first introduce B-factory experiments in Section 2.1; then, I describe the
SuperKEKB collider in Section 2.2, and the Belle II detector in Section 2.3 more in detail;
finally, in Section 2.4 I explain how the various particles are reconstructed using the detector
information, highlighting the features that are most relevant for this work.

2.1 introduction to B-factory experiments

In 1973, Kobayashi and Maskawa showed that CP violation could be incorporated into the SM

through what we now call the CKM matrix, but only as long as the number of quark flavors
was (at least) six [47]. The following year, the c quark was discovered [48, 49], followed by the
b quark in 1977 [50], and along with their bare-flavored D and B mesons.

In the early 1980s, the possibility of using B meson decays to test the Kobayashi-Maskawa
mechanism was explored from the theoretical point of view. However, for this to be possible, it
was necessary that the CKM matrix fell within a narrow range of the allowed parameter space,
so as to produce large CP violation in neutral B decays; this range also corresponds to having
large B0–B0 mixing. Furthermore, the “golden” channels to observe this CP violation would be
those to CP eigenstates, such as B0 → J/ψ K0

S , which were never observed at the time: we now
know that their branching fractions are below 0.1%.

In the same years, a large B lifetime was measured, and evidence of substantial B0–B0

mixing rate emerged: this restricted the CKM parameter space to the aforementioned range.
Additionally, drastic improvements in e+e− storage rings were taking place: this allowed the
BB pair production rate to increase from tens to millions per day in a couple of decades. Under
these circumstances, the observation of CP violation in B0 → CP eigenstate channels became
feasible, and experiments were designed to perform such measurements [51].

anatomy of a B-factory The design choices for B-factories are completely dictated by
the requirements for studying the CP asymmetry of the “golden” channels B0 → CP eigenstate.
These asymmetries are produced by the interference of different amplitudes, with and without
mixing, and cancel when integrated over time. Therefore, one has to measure them as a
function of the decay time with respect to a moment when the meson’s flavor state is known.

22
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In 1980, the Υ(4S) bound bb state was discovered [52, 53]: this resonance is just above the
BB pair production threshold,

mΥ(4S) ∼ 10.58 GeV/c2, mB0 ∼ 5.28 GeV/c2 ⇒ q = mΥ(4S) − 2mB0 ∼ 20 MeV/c2 , (2.1)

and essentially decays only to BB pairs. Furthermore, in the Υ(4S) → B0B0 decay, the B mesons
are produced in an entangled state. This prompted the following strategy: reconstruct events
where one B meson decays to a flavor-specific final state, and the other to a CP eigenstate.
When the first meson decays, its flavor is known from the final state, and the flavor of the other
is known to be opposite thanks to the entanglement. Then, one can disentangle the mixing
contributions by measuring the decay time difference between the two mesons. This technique
is called “flavor tagging”, and is quite efficient thanks to the large number of flavor-specific
decay channels available to neutral B mesons.

To make this kind of measurement, one needs the following.
1. A collider working at the Υ(4S) resonance; this naturally suggests an e+e− collider, where

the collision energy is known.
2. High luminosity, given the small branching fractions of B0 decays to CP eigenstates.
3. Boosted B meson production: since the mean B lifetime is ∼ 1.5 ps, the decay time must

be inferred from the flight distance; to have large enough flight distance, a minimum B
momentum is needed.

4. Nearly-hermetic detector able to perform particle identification (PID) and reconstruct
neutrals: the former is paramount for good tagging efficiency, while the latter is required
to reconstruct many channels of interest.

The third point has two important consequences.
Fist: since the Υ(4S) is just above threshold for BB pair production, the B mesons are

produced almost at rest in the collision center of mass (CM) frame. To boost them, the whole
collision CM frame must be boosted in the laboratory frame. This implies having an asymmetric-
energy collider, with severe impact on the design of the machine, e.g. the necessity for separate
storage rings. I discuss this more in detail in Section 2.2.

Second: since the decay time difference must be measured from the flight distance, decay
vertex reconstruction accuracy is paramount. This imposes strict requirements on the design
of the inner part of the tracking detector, such as very high granularity and very low material
budget. I discuss this more in detail in Section 2.3.

non-B physics at B-factories While the design of B-factory experiments is dictated by
time-dependent CP violation measurements in neutral B decays, these conditions are also very
favorable for many other kinds of measurements. e+e− colliders provide a much cleaner and
controlled environment with respect to hadronic machines: each bunch crossing rarely counts
more than one e+e− → X event, and the initial state is completely and accurately known. This
makes it possible to study channels with many neutrals in the final state, or even without any
charged particle, and allows to constrain the kinematic of decays with undetected particles
(such as neutrinos).

With a collision CM energy equal to the mass of the Υ(4S) resonance, several other processes
take place just as frequently as the Υ(4S) production. Cross sections for these are reported in
Table 2.1. Among them, those of greatest physical interest include e+e− → cc and τ+τ−.
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Process Cross sec. [nb] Process Cross sec. [nb] Process Cross sec. [nb]

Υ(4S) 1.11 cc 1.30 τ+τ− 0.92

ss 0.38 dd 0.40 uu 1.61

e+e−(γ) 300 µ+µ−(γ) 1.15 γγ(γ) 4.99

e+e−e+e− 39.7 e+e−µ+µ− 18.9 νν 0.25 × 10−3

Table 2.1: Cross sections of the main e+e− → X processes at the Υ(4S) energy.

The light-quark final states, while considered background by most analyses, allow for
measurements of hadronic form factors through processes such as e+e− → π+π−π0. Moreover,
the abundant Bhabha scattering e+e− → e+e−, which is a purely QED process and thus is
well-understood from the theoretical point of view, allows for accurate measurements of the
integrated luminosity, which are fundamental for absolute cross section and branching ratio
measurements.

Additionally, searches for beyond-SM particles can be carried out, not just indirectly (by
searching for inconsistencies with the SM predictions), but also from direct production. The
clean e+e− environment allows very good sensitivity to rare events. Furthermore, the controlled
initial conditions allow searching for undetected final states.

2.2 the SuperKEKB collider

The SuperKEKB collider [54] is the result of a major upgrade and redesign of the KEKB circular
collider, which operated from 1999 to 2010 providing collisions to the Belle experiment. KEKB
reached the (at the time) world-record instantaneous luminosity of 2.1 × 1034 cm−2 s−1, and
integrated almost 1 ab−1 over a decade of activity, corresponding to about one billion BB pairs.
SuperKEKB aims to surpass its predecessor by more than a factor 30, targeting instantaneous
luminosities in excess of 6 × 1035 cm−2 s−1 and an integrated luminosity of 50 ab−1. As of
today, the world-record peak luminosity of 5.1 × 1034 cm−2 s−1 (over twice KEKB’s record) was
reached, accumulating a sample of 575 fb−1 [55].

SuperKEKB collides 7 GeV electrons with 4 GeV positrons at a single interaction point (IP),
where the Belle II detector is located. The choice of a single IP is to maximize luminosity.

A schematic view of the facility is shown in Figure 2.1. The asymmetric-energy requirement
forces to have separate rings for electrons and positrons, dubbed high-energy ring (HER) and
low-energy ring (LER). Electrons are provided by a linear accelerator (LINAC), which already
brings them to their nominal energy before injecting them into the main storage ring: this
on-energy injection is necessary to optimize the storage ring for luminosity. The LINAC also
produces positrons as secondary particles from the collision of electrons on a target. Since
these positrons have high emittance, they are first sent into a 1.1 GeV damping ring, then
re-injected into the LINAC, which brings them to their nominal energy before injecting them
into the main storage ring. The main parameters of SuperKEKB are reported in Table 2.2.

Although the particles are injected in the main rings already at their nominal energy, they
quickly lose energy to synchrotron radiation. This is a characteristic of electron and positron
rings, and is due to the small mass of the particles: the power lost to synchrotron radiation
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Figure 2.1: Schematic view of the SuperKEKB collider complex. Blue arrows are for electrons, while red
arrows are for positrons.

is ∝ E4/m3, where E is the particle energy and m is its mass [57]. Therefore, accelerating RF

cavities are needed to maintain the beam energies constant. This mechanism is instrumental in
damping oscillations around the nominal orbit: synchrotron radiation decreases momentum
in all three directions, but the cavities only restore longitudinal momentum, resulting in a
reduction of transverse momentum. The typical damping time is O(1 ms). This principle is
also exploited in the positron damping ring.

Another noteworthy characteristic of these machines is the relatively short beam lifetime.
Electrons and positrons in high-intensity beams are easily diverted from the nominal beam
orbit by several effects, which cause relatively large losses of beam particles at every turn.
The typical beam lifetimes at SuperKEKB are 5 to 10 minutes. To counteract this, the “top-up”
injection scheme is adopted, where a new bunch is injected “on top” of an already present
bunch, thus “refilling” its charge and maintaining beam currents almost constant.

The design of SuperKEKB is dictated by the challenges that reaching high instantaneous
luminosity poses. The luminosity of an e+e− collider is given by

L =
Nbn+n− f

Aeff
with Aeff =

σ∗
x σ∗

y

RL
, (2.2)

where Nb is the number of bunches circulating in each ring, n+ and n− are the number of
positrons and electrons per bunch, f is the revolution frequency, and Aeff is the effective
transverse overlap area of the bunches at the IP; the effective area is given by the product of σ∗

x
and σ∗

y (the transverse bunches sizes at the IP), and is reduced by an effective factor RL, which
limits the luminosity increase at high beam currents1.

The reduction factor RL is mainly due to the “beam-beam” interaction effects. When two
bunches cross each other, the particles in one bunch are deflected by the electromagnetic

1 The beam currents are given by I± = eNbn± f , where e is the elementary charge.
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Achieved on

Design Dec. 27, 2024

Ring LER HER LER HER

Beam energy [GeV] 4 7

Crossing angle [mrad] 83

Luminosity [cm−2 s−1] 6 × 1035 5.1 × 1034

Beam current [A] 3.6 2.6 1.632 1.259

Number of bunches 2560 2346

Bunch length [mm] 6 5

Horizontal bunch size at IP [µm] 10 11 15.5 16.6

Vertical bunch size at IP [nm] 48 62 265 265

Table 2.2: The main parameters of SuperKEKB from [56].

field of the other bunch, which acts as a focusing lens. This is very non-linear, causing the
operating point of the machine (in the betatron oscillation tune plane) to spread and shift.
Besides limiting luminosity, this effect is also hard to predict from first principles, complicating
the operation of the machine and forcing the final operating parameters to diverge from their
design values.

There are two main ways to increase the instantaneous luminosity: increasing the beam
currents (thus the number of interacting particles), and decreasing the effective overlap area.
Furthermore, the currents may be increased both by increasing the number of bunches Nb, and
by increasing the bunch charge n±. All of these are pursued at SuperKEKB.

increasing the beam currents Increasing the number of bunches Nb is challenging
because, as the separation between successive bunches becomes smaller, the residual electro-
magnetic fields produced by one bunch in the beam chambers begin to sensibly affect the
following bunch. This leads to “coupled bunch-bunch” instabilities, which can push the beams
out of their nominal orbits, potentially leading to beam losses.

The RF cavities of SuperKEKB operate at a frequency of ∼ 508 MHz, meaning that the
separation between bunches is a multiple of ∼ 2 ns (0.6 m). However, to keep the bunch-bunch
instability manageable, bunches can not be placed closer than ∼ 4 ns (1.2 m).

Increasing Nb also requires a more powerful injection, since a larger number of bunches
would have to be “refilled” with the top-up injection. The same difficulty is encountered by
attempting to increase the bunch charge n±. A more powerful injection can be obtained in
several ways, such as: increasing the amount of charge injected at a time; reducing the time
between successive injections; increasing the injection efficiency (the fraction of the injected
charge that actually reaches the nominal beam orbit); and injecting multiple bunches at a
time. To these ends, the SuperKEKB design included major upgrades of the KEKB LINAC, the
beam-transport line from the LINAC to the main rings, and the injection magnets. Also, more
upgrades are being considered for the future. I will not discuss this any further, as it is beyond
the scope of this work.
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Lastly, increasing the beam currents is also challenging for the hardware of the machine itself.
First, a very hard vacuum must be maintained to maximize beam lifetime. Second, the constant
bombardment of synchrotron radiation and stray beam particles forces every component
to meet very strict radiation tolerance criteria. Third, larger beam currents correspond to
large image currents along the beam chambers, which means that a large a mount of heat
is dissipated in the various components, and must be effectively removed; fluctuations in
temperature must also be avoided, as they can shift the orbit parameters. Finally, these amounts
of synchrotron radiation and heat add further stress on the vacuum system, as they increase
the amount of gas and ions released into the vacuum by the beam pipe walls.

reducing the effective crossing area A two-ring machine with small bunch spacing
requires a system that separates the two beams around the IP. PEP-II (BABAR’s collider) used
dipolar magnets close to the IP, which allow head-on collisions. KEKB, instead, allowed for
a small crossing angle (22 mrad) between the beams at the IP: this allows for smaller bunch
spacing and leaves more room for the detector, however it introduces transverse-longitudinal
coupled instabilities and can reduce the luminosity through RL.

SuperKEKB inherited the crossing-angle strategy from its predecessor, improving on it
through the Nano-Beam scheme, which was initially proposed for the cancelled SuperB project
[58, 59]. The scheme is exemplified in Figure 2.2. In short, the idea is to adopt a relatively large
(but still ≪ 1) crossing angle, together with a relatively great bunch length (∼ 2σz) and a very
small horizontal bunch size (∼ 2σx). This way, the transverse overlap area (the segment d in
the figure) can be kept small, which has several advantages.

• A smaller horizontal overlap d reflects in a smaller Aeff, which implies higher luminosity.
• It naturally solves the “hourglass” effect.

The vertical size of the bunch σy is determined by the vertical betatron function βy(s),
where s is the position along the beam orbit. Ideally, one would like to minimize
this function at the IP, so that Aeff is also minimized, thus maximizing the luminosity.
However, βy is an oscillating function, thus the minimum can be kept only for a finite
distance. In head-on collision schemes, this distance must be larger than the bunch length;
otherwise, the tails of the bunches are larger than the centers, as shown in Figure 2.3,
and their contribution to luminosity is reduced. With the Nano-Beam scheme, one only
needs to maintain βy close to the minimum for the overlap distance ∼ d ≪ σz, which
allows to reach smaller minima, thus further reducing Aeff and increasing the luminosity.

• It naturally reduces the parasitic collisions.
These are the collisions along the enlarged tails, which contribute very little to luminosity,
but still produce beam-beam instability effects. In the Nano-Beam scheme, the tails are
naturally separated by the geometry, so that parasitic collisions are almost absent.

The drawback of schemes with a large crossing angle is the introduction of horizontal-
vertical instability coupling, which can limit the choice of operating points and, potentially,
the maximum achievable luminosity. These are addressed by the “crab-waist” scheme, also
proposed for SuperB, and tested at KEKB during its final run years. The coupling originates
from the fact that, due to the crossing angle, the positrons that are displaced along the
transverse horizontal direction x meet the center of the electron bunch at different longitudinal
coordinates z, and vice versa for the electrons. This is shown in Figure 2.4. Since the minimum of
βy occurs at a fixed z, both the luminosity and the magnitude of the beam-beam effects depend
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Figure 2.2: Schematic of a collision in the Nano-Beam scheme. Sizes and angles are not realistic, but
chosen for readability.

e+ e−

Figure 2.3: Visualization of the hourglass effect. Sizes and angles are not realistic, but chosen for
readability.

on x, thus increasing the horizontal spread and coupling vertical effects to the horizontal
position. The crab waist scheme resolves this by using a sextupolar magnet near the IP to
introduce non-linear effects that can shift the z position of the βy minimum as a function of x.

e+ e−
βy minimum line

Crossing of the center

Figure 2.4: Schematic explanation of the crab waist scheme. Sizes and angles are not realistic, but chosen
for readability. The thick black line is the location of the minimum of the positron βy when
the crab-waist is not used, while the thick red line shows the points where horizontally-
displaced positrons meet the center of the electron bunch.

beam-induced backgrounds An important characteristic of high-luminosity e+e− ma-
chines is the large amount of particles produced or lost by the beams through various effects.
These reach the accelerator components and the detector, causing radiation damage and pol-
luting the otherwise very clean e+e− events. Many of these effects happen all along the storage
ring, and are very difficult to simulate accurately; as a consequence, all three B-factories had
to adopt, during detector design, safety factors of one order of magnitude with respect to the
simulated backgrounds.
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Some of these effects are produced within each beam, without interaction with the other:
these are called “single-beam” backgrounds. Synchrotron radiation photons belong to this
category. Beam particles can also change their momentum and stray out of the beam, reaching
the walls of the beam chambers, due to Coulomb scattering with the other particles of the
bunch: this is called Touschek scattering. Beam particles may also scatter against residual
gas and ions released into the vacuum by the walls of the beam chambers: this is called
“beam-gas” scattering. While these effects happen all around the storage rings, a substantial
number of particles reach the beam pipe around the IP, and is detected by Belle II, polluting
the events. From the accelerator side, these backgrounds are suppressed by placing movable
collimators in strategic positions to scrape the beam halo. From the event reconstruction side,
charged particle tracks can be filtered by imposing a maximum distance to the IP at the point of
closest approach (PoCA), or a common vertex with other tracks; this is not possible for photons,
however.

Residual ions are also responsible for bunch-bunch instabilities and for enlarging the trans-
verse size of the electron beam. The latter effect is called “beam size blow-up”. Similar effects
happen for the positron beam due to clouds of photoelectrons produced by the interaction of
synchrotron radiation with the walls of the beam chambers. Three dedicated countermeasures
are in place for the electron clouds: coating the beam chambers with a material with low
secondary emission yield; using grooved surfaces that further suppresses the yield from syn-
chrotron radiation; and placing “clearing electrodes” in suitable locations to deflect electrons
using an electric field.

Other effects happen at the collision of the bunches, and are called “luminosity-dependent”
backgrounds: these are e+e− processes of no physical interest, but with large cross sections,
so that they are likely to happen close in time to interesting events and pollute them. The
main ones are the radiative Bhabha scattering (e+e− → e+e−γ), and the two-photon process
e+e− → e+e−e+e−, which are mentioned in Section 2.1 and Table 2.1. The filtering methods
discussed for the single-beam backgrounds are ineffective for these; however, these effects are
much better understood and simulated.

Finally, an important background comes from the top-up injection. A schematic of the
procedure is shown in Figure 2.5. The bunch to be injected enters the main ring at an angle,
and is deflected on the nominal orbit direction by a septum magnet, i.e. a dipolar magnet
with a very thin wall on the side of the existing beam. Before reaching the injection point,
the pre-existing bunch is moved close to the wall of the septum magnet by a pair of kickers
(magnets or capacitors that can be activated for a very short time with a very strong field).
Then, the new bunch is injected in phase with the pre-existing bunch. Finally, the two are
brought back on the nominal orbit by a second pair of kickers. However, because of the finite
size of the septum magnet wall, the newly-injected bunch will be slightly out of the nominal
orbit, and will oscillate around it until synchrotron radiation losses dampens them, in a few
ms.

Before the damping is complete, a large number of synchrotron radiation photons will
be produced. Also, a substantial fraction of the newly injected particles will never reach the
nominal orbit, instead straying away and reaching the beam chamber walls. This background
behaves like the single-beam backgrounds, but has a much more defined structure in time and
is much more severe. Belle II adopts a specially-designed trigger veto to avoid most of this;
however, a significant portion still reaches the detector [61].
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Figure 2.5: Schematic of the injection system from [60].

2.3 the Belle II detector

The Belle II detector [62] is a major redesign of the Belle detector. It reuses part of the Belle
components and mechanical structures (e.g. the superconducting solenoid magnet, its iron
return yoke, and the calorimeter crystals), while upgrading or redesigning other parts (e.g. the
inner detectors, the readout electronics, and the data acquisition systems).

As for the colliders, the requirements for detectors at B-factories are set by what is needed
to study CP violation in B0 → CP eigenstate channels:

• reconstruction of as much as possible of the event, i.e. near-hermeticity;
• reconstruction of both charged and neutral particles;
• excellent decay vertex position resolution to infer the decay time of B mesons from their

flight distance; and
• excellent PID capability, to achieve efficient B flavor tagging.

The first point, together with the boosted CM frame resulting from asymmetric collision
energies, results in detector geometries with very wide and asymmetric acceptance. The
detector develops in a series of subdetector layers, starting from the IP and going outwards:

• first are the tracking subdetectors, responsible for reconstructing charged particles, and di-
vided into an inner vertex detector, primarily responsible for the vertex position resolution,
and an outer drift chamber, primarily responsible for the momentum resolution;

• then, subdetectors dedicated to charged particle identification (PID), based either on
Čerenkov light production or time of flight;

• afterwards, an electromagnetic calorimeter, mainly responsible for photon reconstruction;
• then, a superconducting solenoid, producing the 1.5 T magnetic field required by the

tracking subdetectors to measure the tracks’ momenta; and
• finally, chambers dedicated to muon identification and detection of very-long-lived K0

L

mesons, implemented by instrumenting the return iron yoke of the solenoid magnet.
Figure 2.6 shows a schematic view of these systems, which I describe in detail the following
sections, together with their contribution to the event reconstruction, which is explained more
in detail in Section 2.4.
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Figure 2.6: A schematic 3D view of the Belle II detector (people silhouettes for scale).

2.3.1 The vertex detector

Decay vertices are primarily reconstructed by searching for the geometric intersection of charge
particle tracks. Therefore, the decay vertex position resolution is dominated by the resolution of
the point of origin of said tracks. To achieve the necessary spatial resolution, two silicon-based
subdetectors are placed as close as possible to the IP: the pixel detector (PXD), which makes
up the two innermost layers, and the silicon vertex detector (SVD), which makes up the four
outermost layers, for a total of six layers of silicon sensors.

To achieve excellent momentum resolution and PID performance, it is paramount to minimize
the effect of detector material on the particle trajectories (multiple Coulomb scattering, etc.).
This is accomplished choosing materials with high radiation length (X0), and by minimizing
the thickness of material crossed by the particles. This has a particularly important impact on
the vertex detector, given the relatively high density and low X0 of silicon, and on the beam
chamber walls around the IP.

The beam chamber at the interaction region (IR) is 1 cm in diameter, and made of a double-
walled beryllium pipe, for a total of 1 mm of beryllium thickness. The 1 mm interstice between
the two walls is used to flow liquid paraffin as a coolant. Finally, the inner wall of the beam
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pipe is coated in 10 µm of gold to shield the detector from synchrotron radiation, for a total
material budget of ∼ 0.8 % X0.

The PXD layers are placed just outside the beam pipe, at 1.4 cm and 2.2 cm radii. Until the
long shutdown 1 (LS1), which begun in July 2022, only two ladders (one sixth) of the second
layer were present: this is the condition for all the data used in this work. The PXD is made
of depleted FET (DEPFET) pixel sensors thinned to 75 µm and supported by a 400 µm thick
silicon frame, resulting in a material budget of ∼ 0.2 % X0 per layer. They have a pixel pitch of
50 µm in the azimuthal angle (ϕ) direction, and variable between 56 µm in the longitudinal
(z) direction (77 µm for the second layer). This excellent spatial resolution comes at the cost
of a longer integration time of about 20 µs (corresponding to about two beam revolutions). A
schematic rendering of the PXD is shown in Figure 2.7

Figure 2.7: A schematic 3D rendering of the PXD.

The SVD layers are placed at 3.9 cm, 8.0 cm, 10.4 cm, and 13.5 cm radii. It is made of double-
sided silicon strip (DSSD) sensors, 300 µm thick and supported by a carbon fiber structure. In
the three outermost layers, part of the readout ICs are placed within the detector acceptance on
flexible printed circuit boards, together with their stainless steel CO2 pipes for cooling; in the
innermost layers, instead, all of these are placed outside of the acceptance in the forward and
backward regions. The total material budget is ∼ 0.6 % X0 per layer. The forward sensors of the
three outer layers are tilted into a lantern-like shape to further reduce the amount of material
crossed by particles with small polar angle. A schematic rendering of the SVD is shown in
Figure 2.8.

The innermost SVD layer has a readout pitch of 50 µm in ϕ and 160 µm in z, while the
outermost layers have a pitch of 75 µm in ϕ and 240 µm in z; the tilted forward sensors, which
are trapezoidal in shape, have a z-dependent pitch in ϕ ranging from 50 µm to 75 µm. The
readout ICs operate on a 127 MHz clock, allowing to reach a cluster time resolution of O(2 ns)
[63]. Also, the amount of deposited charge in the cluster is measured, and used for PID.
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Figure 2.8: A schematic 3D rendering of the four SVD layers (L3-6) and PXD.

2.3.2 The drift chamber

The central drift chamber (CDC) design is largely based on that of Belle, with updated geometry
and readout electronics. It covers the radial range from 17 cm to 113 cm, and has a polar angle
(θ) acceptance ranging from 17◦ (forwards) to 150◦ (backwards), which is the smallest of all
subdetectors. In the collision CM frame, this range corresponds to the symmetric θCM range
from ∼ 22◦ to ∼ 158◦. The forward and backward endcap walls are tapered to make room for
the final-focusing quadrupole magnets of SuperKEKB, responsible for the minimization of βy

at the IP, and the other subdetectors. A cross section of the CDC is schematized in Figure 2.9

Figure 2.9: A schematic cross-sectional view of the CDC.

The CDC employs a 50% helium, 50% ethane gas mixture, and is instrumented with 14 thou-
sand tungsten-gold sense wires (30 µm in diameter), and 42 thousand aluminum field wires
(126 µm in diameter). The choice of a gas-filled drift chamber instrumented with thin wires
is, again, dictated by the necessity to minimize material budget, while still instrumenting a
relatively large volume.
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The sense wires are distributed in 56 layers, grouped into nine “superlayers”, as shown in
Figure 2.10. The innermost superlayer (the “small cell chamber”) includes eight layers, with
a cell size of ∼ 7 mm, while the other superlayers include six layers each, with a cell size
ranging from 10 mm to 18 mm. Superlayers are alternating between the “axial” configuration
(wires parallel to the z axis, essentially insensitive to the longitudinal position) and “stereo”
configuration (wires tilted by ∼ 50 mrad to provide some longitudinal position information).

Figure 2.10: Scheme of the CDC layers and superlayers, from innermost (left) to outermost (right). Filled
blue circles are for “axial” wires, while pink hollow circles are for “stereo” wires.

The front-end electronics measures both drift time and deposited charge for each wire. The
former is necessary to infer the track position, and the resulting resolution is ∼ 100 µm. The
latter is used for PID, and has a resolution of about 5%.

2.3.3 The particle identification systems

There are two subdetectors dedicated to PID, both located just outside the drift chamber: the
time of propagation detector (TOP), located in the barrel section, and the aerogel ring-imaging
Čerenkov detector (ARICH) located in the forward-endcap section.

top (barrel) The TOP barrel system is made of 16 quartz bars (2.5 m long, 45 cm wide,
and 2 cm thick), distributed in ϕ around the CDC outer wall. It covers the θ range from 33◦ to
120◦. The schematic of a bar is shown in Figure 2.11.

ForwardBackward

Focus mirror
(sphere)MCP-PMT

∼ 2.5 m

45 cm
2 cm

Figure 2.11: A schematic of a TOP quartz bar.

Charged particles interact with the quartz by emitting photons at a Čerenkov angle, which
depends on the particle’s velocity. Such Čerenkov photons are reflected inside the quartz bar
and reach the detector at its backward end, which are micro-channel plate photo-multiplier
tubes (mcp-pmt). These measure the 2D transverse position of the photons (pitch ∼ 5 mm), as
well as their precise time of arrival (31 ps resolution). This is shown in Figure 2.12.

The Čerenkov angle can then be determined from the pattern of photons in the (x, y, t)
space, combined with the incidence angle of the track, which is measured by the tracking
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Figure 2.12: A schematic of the TOP working principle.

subdetectors. Then, hypotheses for the particle identity can be tested against each other using
the likelihood given by the Čerenkov angle and the track’s momentum (also measured by the
tracking subdetectors).

arich (endcap) The ARICH is located in front of the CDC forward end plate. It is made of
a proximity-focusing aerogel Čerenkov radiator, followed by an empty expansion volume, and
an array of photon detectors. This is schematically shown in Figure 2.13
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Photodetectors

Expansion volume
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z

Figure 2.13: Schematic side view of the ARICH.

To ensure that particles crossing the radiator produce enough Čerenkov photons, a relatively
thick (few cm) radiator is necessary. However, a thicker radiator implies a larger dispersion of
the photon’s position on the photodetector plane. To limit this dispersion, two slabs of silica
aerogel with slightly different refraction indices (n1 = 1.046 and n2 = 1.056) are used. This
way, the rings produced by the two slabs overlap on the photodetector plane, reducing the
dispersion by a factor two.

The photodetectors are pixelated hybrid avalanche photo-diodes (HAPD) with a pitch of
4.9 mm. This gives a single-photon angular resolution of about 14 mrad.

Aerogel and HAPDs are arranged in nine concentric rings of square tiles. They cover the
radial range from 43.5 cm to 113.7 cm, corresponding to the θ range from 15◦ to 31◦.

The computation of the identity likelihoods is done similarly as for the TOP. The particle’s
intercept point and angle on the aerogel plane are provided by the tracking subdetectors; the
ARICH then searches for a ring around this point, from which the Čerenkov angle is measured;
then, using the particle momentum measured by the tracking subdetectors, the likelihood for
the various identity hypotheses are computed.
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2.3.4 The electromagnetic calorimeter

The electromagnetic calorimeter (ECL) envelops the CDC and PID detectors on all sides, covering
the θ region from 12.3◦ to 155.1◦ (except for two 1◦ gaps between the barrel and endcap sections,
at 32◦ and 130◦). It is designed to reconstruct photons from energies as small as 20 MeV; it also
aids in electron identification, luminosity measurement, and K0

L detection.
The ECL is made of 8736 CsI(Tl) scintillator crystals with an average cross section of about

6 cm × 6 cm and a length of 30 cm, corresponding to about 16 X0. The barrel crystals are
truncated pyramids, while for the endcap 69 different crystals shapes are used.

Scintillation light is detected by PIN photodiodes (two per crystal), and both the amount
of light and the time of arrival are measured. This results in a cluster energy resolution
approximately given by

σE
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)2

+ (1.34%)2 , (2.3)

with E in GeV, a cluster position resolution of about 5 mm/
√

E ∼ 0.25◦/
√

E, and a cluster
time resolution of below 100 ns.

2.3.5 The K0
L and µ detector

The ECL barrel section is enveloped in the superconducting solenoid that produces the 1.5 T
magnetic field needed by the tracking subdetectors to measure particle momenta. Outside the
solenoid is a return yoke for the magnetic flux, made of 4.7 cm thick iron plates. The K0

L and µ

detector (KLM) is made by instrumenting this yoke, creating an alternating sandwich of iron
plates and active detector elements.

The KLM covers the θ range from 20◦ to 155◦. The barrel section is made of 15 detector layers
and 14 iron plates, while in the endcap sections only 14 detector layers are present. The iron
provides a total of 3.9 hadronic interaction lengths, to be added to the 0.8 interaction lengths
of the ECL. The detector layers are made partly of resistive plate chambers (RPC) (for the barrel
section), and partly of plastic scintillator (for the endcap section, where more severe beam
background is expected).

The KLM primarily exists to detect hadronic showers produced by scarcely-interacting, very-
long-lived K0

L mesons. It also provides information for muon identification. Its granularity
allows for an angular resolution of about 0.5◦.

2.3.6 The trigger system

Because of the limited data bandwidth at the various data acquisition (DAQ) steps, and of
the limited storage space available for acquired data, only events that are likely to contain
interesting physics are stored. To efficiently select such events while discarding non-interesting
background events, two levels of “triggers” are used: the level 1 (L1) trigger, and the high-level
trigger (HLT).

level 1 trigger Each subdetector’s readout electronics stores the information about all
events in a small local buffer: the L1 trigger is responsible for indicating which information to
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transfer to the global DAQ system for further processing before the buffer is overwritten. For
this reason, it is required to have a fixed latency of 5 µs, and a time resolution of about 10 ns.
Due to limitations of DAQ bandwidth and online processing power, the maximum average rate
is further limited to 30 kHz.

Through dedicated lines, the trigger gathers coarse but quickly-available information from
the CDC, TOP, ARICH, ECL, and KLM. It then processes this information in a series of field-
programmable gate arrays (FPGA), allowing fast processing and ease of reconfiguration.

Many trigger lines are present for different kinds of events. Most are mainly based on coarse
track reconstruction from CDC information, and cluster energy and topology information from
the ECL; the TOP detector is instead mainly used for its fine time resolution.

A very high hadronic event efficiency is paramount for B physics measurements: events of
this kind are easily identified by the presence of a relatively large number of tracks. Several
lines are provided for calibration and luminosity measurement, mainly designed for events
such as Bhabha, µ+µ−, and γγ; given the large cross sections of these processes compared
to that of the Υ(4S) and other physically-interesting events, many of these are prescaled by
randomly selecting or rejecting events with some fixed probability. Finally, dedicated lines are
used for low-multiplicity events, such as τ+τ− and those with production of possible dark
matter candidates; due to the similarities with calibration lines, low-multiplicity lines tend
to have lower efficiencies, and several dedicated selections were optimized for these specific
cases.

Finally, the L1 trigger receives a veto signal from the SuperKEKB injection system. This
is tuned to reject events around the passage time of a recently-injected bunch, as the beam
background is expected to be much more severe in this case, and the information would be
hardly useful for physics.

high-level trigger Once detector data selected by the L1 trigger is acquired, it is sent to
a farm of computers that perform a full event reconstruction and further tighten the selection
criteria: this farm is the HLT. The HLT uses the same Belle II software framework used for
offline data reprocessing and analysis (described in Section 2.3.7). The idea is to perform the
same reconstruction during data-taking and offline to minimize inconsistencies. The main
differences between online and offline processing are:

• the lack of data from the PXD on the HLT (due to bandwidth limitations); and
• the calibrations which are produced a posteriori from data, which of course are not

available before the data has been acquired.
The HLT selections are based on a number of alternative sets of requirements on the fully-
reconstructed tracks and clusters, aimed at selecting the different types of events that are
interesting for analyses or calibration, with appropriate prescaling if needed. The HLT reduces
the event rate by almost one order of magnitude compared to the L1 trigger.

The HLT is also responsible for transmitting the selected events to the PXD DAQ system, so
that PXD information may be available during offline processing. This forces the PXD to buffer
its data for a much longer time (∼ 1 s), but allows for a much reduced data rate. Also, the HLT

transmits regions of interest (ROI) to the PXD DAQ, i.e. the position of intercepts between tracks
(reconstructed with CDC and SVD information) and PXD sensors, which allow to only transfer
PXD hits close to these intercepts, further reducing the PXD data size.
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Finally, the HLT provides a coarse classification of events based on a number of selections,
which is stored in the saved data. When a specific type of event is needed (e.g. hadronic or
Bhabha), this classification allows faster offline processing by skimming, i.e. skipping events
that lack the precomputed classification one is looking for.

2.3.7 The Belle II software and computing infrastructure

The Belle II software revolves around the Belle II analysis software framework (basf2) [64],
which contains almost all of the libraries and programs required for data-taking, reprocessing,
simulation and analysis. This framework relies on a number of external libraries, including:
ROOT [65] for data storage and processing; EvtGen [66], PYTHIA8 [67], KKMC [68], and
PHOTOS [69, 70] for event generation; Geant4 [71] for the simulation of particle-matter
interactions; and more.

basf2 itself is based on a number of modules organized in several packages (e.g. for each
subdetector or reconstruction step), plus auxiliary tools, libraries, and scripts. Each module
performs one specific task (from data input/output to simulation, reconstruction, selection,
analysis and monitoring), and most modules are highly configurable. The vast majority of the
modules are written in C++ to allow fast and efficient data processing. Data is processed by
using Python scripts called steering files, which first set up a sequence of configured modules
called a path, and then initiate the execution of the path by the basf2 core framework: this
allows to exploit the flexibility of Python to construct complex analysis workflows, while still
relying on the velocity and efficiency of C++ for the actual processing. The modules in a path
are called in sequence, once per input event, and exchange data with each other through a
common interface called data store.

An additional infrastructure, called the conditions database, is used to store and retrieve
information about specific data-taking runs and periods. This is a centralized online database,
allowing for consistent use of the information among all processes and users. Information in
the conditions database typically include detector condition, configuration, and calibrations.

Finally, Belle II uses a distributed GRID-based approach for both data processing and storage.
Many affiliated institutions worldwide provide the computational resources and storage space
for this model. A central management service allows to distribute the workload of data transfer,
reprocessing, calibration, production of simulated samples, and analysis among the many
available centers and machines, exploiting the huge available resources by running as many
processes as possible at the same time.

2.4 event reconstruction at Belle II

In this section, I briefly outline the reconstruction process for the different kinds of particles
used in this analysis, highlighting the features that must be taken into account in this CP
violation measurement. For each event, i.e. for each bunch crossing that resulted in a positive
trigger decision, basf2 produces lists of particle candidates of different types. These are all
final-state particles (FSPs), i.e. particles that live long enough to actually reach the detector;
there is only a limited number of such particles:

• charged π, K, p, deuterons, electrons and muons, which are reconstructed using the
tracking subdetectors;
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• photons, which are reconstructed using the ECL; and
• K0

L and neutrons, which are detected by the ECL or the KLM.
Two other kinds of particles are able to reach the detector, but are not reconstructed directly:
V0s (i.e. K0

S mesons and Λ baryons), which are reconstructed from the pair of charged daughters
they decay into (when such a decay occurs); and neutrinos, which remain undetected. All other
particles are reconstructed (sometimes only partially) from the combination of their daughters.

Since the detector and reconstruction algorithms have finite resolution, limited efficiency,
noise, backgrounds, etc., these candidates may or may not be real particles; candidates that do
not correspond to any real particle are called fakes. Moreover, a real particle may be missed
entirely, or, in some cases, be reconstructed twice (i.e. two candidates may actually correspond
to the same particle). Candidates from the latter case are called clones; clones mostly occur for
charged particles, i.e. for tracks, and their rate is ≲ 1%.

Of course, it is also possible to reconstruct a particle but assign it the incorrect type. This
occurrence is called misidentification, and may occur in several ways depending on the type of
particles and the subdetectors involved.

Finally, it is possible to reconstruct particles that did not originate from the collision of
interest. These may be produced in a nearby collision: the interval between bunch crossings
can be as small as 4 ns, and most subdetectors’ time resolution is much worse than this.
Alternatively, the particle may be from beam-induced background, which does not necessarily
originate from the IR. Time-based selections are generally useful to reduce these backgrounds,
if necessary. Additionally, beam-induced backgrounds may be suppressed by selections on the
particle’s point of origin; this is only possible for charged particles, however, since the point of
origin of neutrals is not measured.

In the following sections, I describe the three key reconstruction processes for this work: track
reconstruction (Section 2.4.1), particle identification (Section 2.4.2), and photon reconstruction
(Section 2.4.3).

2.4.1 Track reconstruction

Track reconstruction, i.e. the reconstruction of charged particles, is performed in two steps:
pattern finding and track fitting. Pattern finding involves identifying groups of detector hits
that likely belong to the same particle. Track fitting, as the name suggests, consists in finding
the most-likely parameters of the track trajectory given the hits of each group, and taking into
account energy losses, interaction with material, and magnetic field non-uniformities.

At Belle II, only the CDC and the SVD participate to pattern finding. Due to the fundamental
differences in the detectors, dedicated pattern recognition algorithms exists for each subdetec-
tor; tracks found by one subdetector are fitted, then their trajectories are extrapolated to the
other detector, nearby hits are attached and the tracks are fitted again; finally, dedicated merg-
ing algorithms are used to minimize the number of clones. Last, the tracks are extrapolated
to the PXD, hits are attached, and the tracks are fitted again: this allows to exploit the high
granularity and proximity to the IP of the PXD to achieve the necessary position resolution [72].
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The model for a track’s trajectory is the helix (or a series of helix arcs when material effects,
etc. need to be taken into account). It can be written as

x⃗(s) =
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where s is the arc length travelled from the point of closest approach (PoCA) to the z axis along
the transverse (xy) plane, λ = π/2 − θ is the dip angle, ω ∝ q/pT is the inverse curvature
radius (pT is the transverse momentum, and q is the signed charge), and the PoCA position is
determined by d0, ϕ0, and z0. The helix function and its parameters are shown in Figure 2.14.
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Figure 2.14: The track trajectory model, the helix, with its parameters.

Note that, in this model, both the momentum and the point of origin of the particle are
reconstructed. In Belle II, the typical resolution of the impact parameters (d0 and z0) is ∼ 20 µm,
while the transverse momentum resolution is given by
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where β is the velocity in units of c [62]. Also the charge sign is deduced from the rotation
direction in the transverse plane. The mass, instead, must be given as an assumption when
using the track in the analysis process: for this reason, it is called mass hypothesis.

track reconstruction efficiency The track reconstruction efficiency at Belle II is
∼ 99% for high-transverse-momentum tracks, i.e. pT ≳ 255 MeV/c. This is the minimum
transverse momentum required so that the particle leaves the CDC volume through the barrel
wall, i.e. so that the helix diameter is greater than ∼ 1.2 m. Once the particle exits the CDC, it
either stops in the ECL material, or it encounters the fringes of the magnetic field, allowing it to
escape the detector. The tracking subdetectors therefore only capture one “arm” (about half a
turn of the helix) of the particle’s trajectory: this is the condition for the majority of the tracks
of interest at Belle II, and the track reconstruction algorithms are optimized for this case.

Tracks with lower transverse momentum, instead, curl back into the CDC volume. If their
longitudinal momentum is low enough (i.e. if cos θ ∼ π/2), they may complete one or more full
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turns into the CDC volume. The track reconstruction chain begins from the pattern recognition
in the CDC axial layers, which are essentially only sensitive to the position in the transverse
plane. In this plane, curling tracks are circles (barring energy losses): there is, therefore, a
relatively high probability that the wrong assumption for the charge sign is used. The estimate
of the parameters of tracks reconstructed with wrong charge assumption are largely incorrect;
it is safe to assume that these tracks will never contribute to decay reconstruction, and treat
this effect as an inefficiency.

It is important to note that this inefficiency is charge-sign-dependent. Since it has a large
impact on this work, it is worth to describe this effect in detail. Let us define the asymmetry of
the track reconstruction efficiency as

Atracking =
ε+ − ε−

ε+ + ε−
, (2.6)

where ε± are the efficiencies for positive- and negative-charge particles. Figure 2.15 shows the
asymmetry of the track reconstruction efficiency computed on simulation2 as a function of the
transverse momentum and polar angle of the track. The figure highlights several regions.

• pT ≳ 255 MeV/c, i.e. particles that exit the CDC through its barrel wall before completing
half a turn of the helix: here the asymmetry is negligible.

• pT ≲ 255 MeV/c but large |cos θ| , i.e. particles that exit the CDC though either of its
endcap walls before completing a full turn of the helix: also here the asymmetry is
negligible.

• pT ≲ 255 MeV/c and small |cos θ| , i.e. particles that complete at least one full turn within
the tracking subdetector: here asymmetries are large, up to O(10%). Eight pT bands can
be seen in this region, corresponding to the last superlayer of the CDC reached by the
particle before curling back:

– if the last superlayer is “stereo” (i.e. the CDC has some sensitivity to longitudinal
position), the asymmetry is lower;

– if the last superlayer is “axial” (i.e. the CDC has no longitudinal position sensitivity),
the asymmetry is larger.

To reconstruct a track, at least three hits are necessary. Tracks with transverse momentum
below ∼ 30 MeV/c are unable to reach the third SVD layer, thus can never be reconstructed3.

The above is valid for tracks that originate from around the IP. Tracks that originate elsewhere
need different treatment. I will not discuss this, however, since all the tracks needed in this
work originate within a few mm from the IP, and I apply appropriate selections on d0 and z0

to reject tracks that do not.

in-flight decays Pions, kaons and muons, while relatively long-lived, have a non-
negligible chance of decaying while inside the tracking subdetectors. This occurrence is called
in-flight decay.

The final states of these decays are almost exclusively made of a long-lived charged particle,
plus one or more neutrinos (π → µνµ, K → µνµ, µ → eνeνµ). Depending on the amount
of momentum taken by the neutrinos, a more or less evident kink appears on the particle’s

2 The efficiencies are computed as ε± = n±
reconstructed/n±

generated.
3 Because such tracks suffer heavily from energy losses, the efficiency already begins to drop at pT ∼ 100 MeV/c.
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Figure 2.15: Charge sign asymmetry of the track reconstruction efficiency as a function of the transverse
momentum pT and polar angle θ of the track, in simulation, for tracks originating near the
IP. The three regions where the asymmetry is negligible are highlighted.

trajectory. When the kink is small enough, the track is reconstructed using hits from both the
mother and the daughter at once. This causes a degradation of the resolution of the track
parameters; still, for many analyses, the track is still usable.

In this work, signal candidates built using tracks with in-flight decays are considered
together with the rest of the signal candidates, without distinction or special treatment.

2.4.2 Particle identification

Information from the SVD, CDC, TOP, ARICH, ECL and KLM contribute to the identification
of charged particles. For each subdetector, the information is summarized by a likelihood
Lsubdetector

hypothesis , with hypotheses running over the six long-lived charged particle species considered.
A global likelihood may then be computed as

Lh = ∏
s∈subdetectors

Ls
h , (2.7)

and a particle identification “probability” may be defined as

p(h vs. other hypotheses) =
Lh

Lh + ∑h′∈other hypotheses Lh′
. (2.8)

In this work, I only use “binary” identification probabilities of the form “π vs. K”.
The particle identification may be used in a selection criterion of the form p(h vs. others) ≷ c,

with c ∈ (0, 1). This will give some identification efficiency (i.e. probability to identify a particle
of type h as h) and fake rate (i.e. probability to identify a particle of other type as h), which
depends on the hypotheses considered, on the cut c, and on how the particle interacts with the
detectors.

The dependence of these quantities on the interactions with the detectors are rather complex:
in principle, one would have to know which subdetectors are reached by the particle, which
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parts of the subdetector, with which momentum, incidence angle, and so on. However, for
tracks that originate near the IP, all these dependencies may be empirically reduced to the
kinematic variables pt and θ, and the sign of the charge. The angle ϕ of the particle’s momentum
could also be considered, however dependencies on the azimuthal angle are typically very
small, so I will not take them into account.

neural-network based pid Since the likelihoods for the various subdetectors are
modeled empirically, they fail, in some cases, to fully exploit the complexity of the particle-
detector interaction. To improve the PID performance, a neural network (NN) has been trained
on simulation to improve the identification probability. This NN-based PID uses as input the
likelihoods from the single subdetectors, as well as the particle’s momentum, angles, and ECL

cluster information (if a cluster is associated to the particle). Note that the simulation, while
unable to completely model particle-detector interactions in all their details, takes into account
the detector conditions of the various data-taking periods.

This work mainly uses the NN-based PID.

contributions of the single subdetectors The tracking subdetectors (SVD and CDC)
provide energy loss (dE

/
dx ) measurements. These are particularly useful for low-momentum

(sub-GeV/c) π–K discrimination, as shown in Figure 2.16.

Figure 2.16: Energy loss (dE
/

dx ) for various particle species as a function of the particle’s momentum.

The dedicated PID subdetectors (TOP and ARICH), instead, provide measurements of the
Čerenkov angle, which are useful, for instance, for discriminating pions from kaons at higher
momenta.

When a track intersects the ECL, a cluster that is sufficiently close to the intercept is associated
to it. The ratio between cluster energy and track momentum is useful for PID, particularly
for identifying electrons, which tend to lose all of their energy in the calorimeter through
electromagnetic showers, unlike other particles.

Finally, the same cluster-track association is performed with KLM clusters. Electrons tend
to stop in the ECL; hadrons tend to stop in the first KLM layers; muons, instead, tend to pass
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through all detector layers loosing very little energy. Therefore, this information is particularly
useful for identifying high-momentum muons.

2.4.3 Photon reconstruction

Photon candidates are made by taking an ECL cluster with no track associated to it, i.e. for
which no charged particle passes close enough. Since the ECL acceptance is wider than that
of the tracking subdetectors (the tightest being that of the CDC, 17◦ to 150◦), one typically
selects only photons within the CDC acceptance: this discards clusters that may be related to
an undetected charged particle.

Since an ECL cluster provides a single point to constrain the photon trajectory, the point
of origin must be assumed as an hypothesis. In basf2, photons are assumed to originate
at the coordinates origin, which roughly coincides with the IP; essentially, only the angular
coordinates of the photon momentum (θ and ϕ) are measured. The point-of-origin hypothesis
may be adjusted a posteriori, typically through a decay vertex fit that uses other information
(e.g. track trajectories) to constrain the vertex position.

The lack of a measurement of the origin of the photons precludes the possibility of rejecting
beam-induced background clusters based on the fact that they do not originate from the
IP (which is the main filter for beam-background tracks). This is particularly relevant when
looking for low-energy (order of 100 MeV or less) photons, as the calorimeter is bombarded by
low-energy showers from stray beam particles, particularly in the endcap sections. To reject
these clusters, other selections must be used, e.g. based on the time of arrival or cluster shape
variables.

The ECL is almost 100% efficient for photons of energy above 2 GeV; below this energy, the
efficiency gradually drops until it reaches about 80% in the O(100 MeV) energy range. The
efficiency is almost uniform throughout the acceptance. Some of the photons interact with the
material in front of the calorimeter (TOP, ARICH, and mechanical structures of the CDC) and
are detected as showers. These, however, tend to be rejected by selections on the cluster shape
variables, as they become nearly indistinguishable from the showers of stray beam particles.

π0
reconstruction Since π0 mesons decay to two photons almost 99% of the time

[15], π0 candidates are made by combining pairs of photon candidates. A selection on the
invariant mass of the pair is used to reject most of the random combinations: as the mass
resolution is about 6.5 MeV/c2, this window typically spans from about 100 MeV/c2 to about
150 MeV/c2. However, a large number of random combination inevitably falls within the
window, especially when looking for low-momentum π0 mesons, for which the low-energy
beam-induced background clusters become very relevant.

Depending on the necessary efficiency and purity, several solutions may be adopted to
suppress this background. Selection on the aforementioned cluster properties (time of arrival
and shape variables) are a possibility. Additionally, fits using geometric and kinematic infor-
mation may be used; this is especially useful when precise vertex position information can be
reconstructed from other particles involved in the decay, especially charged particles for which
a point-of-origin measurement is available.



3
analysis overview and strategy

The target of this work is to measure the time-integrated CP asymmetry ACP in the D0 →
π+π−π0 decay channel. In Section 3.1 I introduce the strategy I employ to extract this
observable from the data. The greatest challenge is accounting for the asymmetries introduced
by the detector and by the D0 production process, which I describe in detail in Section 3.2 and
Section 3.3. Finally, a schematic summary of the various steps can be found in Section 3.4.

3.1 general strategy

The ACP observable, defined in Equation 1.45, is a function of the partial decay widths Γ of the
decay; however, the partial decay widths of neutral meson decays are not directly measurable.
Therefore, in order to access ACP, I define the “raw asymmetry” as

Araw =
n(D0 → π+π−π0)− n(D0 → π+π−π0)

n(D0 → π+π−π0) + n(D0 → π+π−π0)
, (3.1)

where n(i → f ) represents the yield, i.e. the number of observed i → f decays, which is more
readily accessible from the sample of reconstructed D0 → π+π−π0 decays.

I reconstruct D0 and D0 meson candidates from their decay products: this is described
in detail in Section 4.2. Since the final states for the two flavors appear identical from the
experimental point of view, additional information is needed to determine (to “tag”) the D0

candidate’s flavor at production. I reconstruct D∗ candidates in the strong D∗+ → D0π+
tag and

D∗− → D0π−
tag decays: this allows me to exploit the sign of the charge of the “tag” pion to

infer the flavor of the D0.
At this point, I perform a simultaneous fit of the D0 candidate mass and D∗–D0 mass

difference to extract the raw asymmetry Araw: this is described in Chapter 5. In principle,
instead of fitting, I could simply count the number of reconstructed candidates, assuming that
my selection criteria produce a sample pure enough, and that I have a way to reliably estimate
the residual background: this is the strategy employed by previous B-factory measurements
such as [41]. However, by fitting variables that discriminate signal from background, I can
accept a less pure sample, which allows me employ less stringent selection criteria, significantly
increasing the reconstruction efficiency and the sample size.

The raw asymmetry that I measure is due to several flavor-asymmetric effects. Assuming
that all of these asymmetries are small, I can write (truncating at the first order)

Araw ≃ Adet +Aprod +ACP . (3.2)

Proof of this approximation is given in Section A.1. Besides the CP asymmetry ACP that I aim
to measure, Araw includes two other asymmetries, which are typically dubbed “experimental
asymmetries”, that I need to remove: Adet, which is due to detection and reconstruction effects;
and Aprod, which is due to the production process of the charmed mesons. Section 3.2 and
Section 3.3 describe these experimental asymmetries and the methods I use to remove them.

45
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3.2 detection asymmetries

Detection asymmetries are caused by the geometry and functioning of the detector components,
by the reconstruction algorithms, and by the selection criteria that I impose on the signal
candidates. When the final reconstruction efficiency is different for D0 and D0 mesons, a
detection asymmetry is present. However, to understand these effects, we must separately
consider the reconstruction efficiency of each final-state particle of the decay chain, i.e. those
particles that reach the detector: all the charged pions, and the two photons from the decay of
the neutral pion.

The reconstruction efficiency of charged particles depends on two terms: the tracking ef-
ficiency, i.e. the probability to identify the particle’s trajectory in the tracking detectors and
correctly reconstruct its parameters, which was introduced in Section 2.4.1; and the particle
identification (PID) efficiency, i.e. the probability to correctly identify the particle type, which
depends on the PID probability criterion imposed, and was introduced in Section 2.4.2. Both of
these terms depend on the specific subdetector layers crossed by the particle; additionally, the
PID efficiency depends on the particles’ momentum; and, finally, the subdetectors’ performance
is different for particles of different charge sign, since the trajectories and interactions with
material are different. While these dependencies are quite complex, all this information ulti-
mately depends only on three variables, assuming our particles originate near the interaction
point (IP): the particle’s transverse momentum pT, its polar angle θ, and its charge.

The reconstruction efficiency of photons, which was introduced in Section 2.4.3, depends
on the region of the electromagnetic calorimeter (ECL) that the photon points to, and on the
material that the photon crosses before reaching the ECL. As for the charged particles, for
photons originating near the IP, this is completely determined by the photon’s energy E and
polar angle θ.

A detection asymmetry is produced when the reconstruction efficiency of the D0 decay
products is different from that of the D0 decay products, i.e. when the distribution of pT

(E) and θ of the final-state tracks (photons) is different for the two flavors, or some of the
final-state tracks have opposite charge for opposite flavors. The latter condition is particularly
relevant for the tag pion. For practical reasons, I treat as one the asymmetry induced by the
reconstruction of all D0 daughters AD0

ε , but I treat separately the tag pion asymmetry Aπ tag
ε :

these two sources of asymmetry are discussed in Section 3.2.1 and Section 3.2.2.

3.2.1 Asymmetry from the reconstruction of the D0

The largest difference among D0 daughters is found in the transverse momentum distributions
of the charged pions, which are shown in Figure 3.1 for simulated1 signal decays. The difference
between π+ and π− distributions are a result of the interference between the various resonant
and non-resonant contributions to the D0 → π+π−π0 decay amplitude. Even assuming
absence of CP violation, the two charged pions are swapped under CP conjugation: since the
track reconstruction efficiency depends on both charge and transverse momentum, this results
in a flavor-dependent D0 reconstruction efficiency.

1 The simulated samples are described in detail in Section 4.1.
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Figure 3.1: Simulated distributions of the transverse momenta of the positive (left) and negative (right)
pions produced by the signal D0 decay, split by D0 flavor.

removal method The track reconstruction efficiency only shows sensible asymmetry for
low transverse momenta (pT ≲ 255 MeV/c, as shown in Section 3.2.2). D0 daughters with such
low pT constitute a small fraction of the total, implying that the induced detection asymmetry
must also be relatively small. Therefore, I do not apply any correction for this effect. Instead, I
evaluate its magnitude on simulation, and assign a systematic uncertainty for its neglection:
this is detailed in Section 8.1.

3.2.2 Asymmetry from the tagging

The tag pion transverse momentum and polar angle distributions have very small differences
between the two flavors, as shown in Figure 3.2. However, the majority of the tag pions have
transverse momentum below 255 MeV/c, i.e. within the range where the track reconstruc-
tion efficiency depends more heavily on the particle’s charge sign, as discussed in detail in
Section 2.4.1.
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Figure 3.2: Simulated distributions of the transverse momentum and polar angle of the tag pion, split
by D0 flavor. The polar angle range is limited to the detector’s acceptance.

removal method The asymmetry induced by reconstructing the D∗ → D0π decay is
much larger than that coming from the D0 daughters, and of the uncertainty I expect on
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ACP. While the simulation reproduces the pT and θ dependence relatively well, it can not be
assumed able to reproduce the magnitude of the asymmetry accurately enough for correcting
the raw asymmetry. Instead, I use D0 → Kπ decays as a control channel to estimate this effect.
D0 → K−π+ (D0 → K+π−) is a Cabibbo-favored decay with a large branching fraction; the
presence of only charged particles in the final state makes it easier to reconstruct the decays
with both high efficiency and high purity, resulting in a small statistical uncertainty on Araw;
and the different identities of the daughters allow me to infer the D0 flavor without any
tagging. The process is the following.

I reconstruct a “tagged” sample of D0 → Kπ: the tagging is performed by reconstructing
D∗ → D0π decays, imposing on the tag pion the same criteria used for the signal D0 →
π+π−π0 channel. As for the signal channel, I use a fit (to the D∗–D0 mass difference, see
Section 6.3.2) to extract the raw asymmetry

Atagged
raw ≃ Aπ tag

ε +AD0

ε (D0 → Kπ) +Aprod +ACP(D0 → Kπ) , (3.3)

which comprises several terms: the tag pion reconstruction asymmetry Aπ tag
ε ; the D0 recon-

struction asymmetry for D0 → Kπ; the production asymmetry Aprod; and the D0 → Kπ CP
asymmetry ACP.

Since I only need Aπ tag
ε , I also reconstruct a second, “untagged” sample of D0 → Kπ, for

which I do not reconstruct the D∗. Also in this case, I use a fit (to the D0 candidate invariant
mass, see Section 6.3.1) to extract the Araw, which will contain all the terms in Atagged

raw except
Aπ tag

ε :
Auntagged

raw ≃ AD0

ε (D0 → Kπ) +Aprod +ACP(D0 → Kπ) . (3.4)

Therefore, I can compute the tag pion asymmetry correction as

Aπ tag
ε = Atagged

raw −Auntagged
raw , (3.5)

which I will then subtract from Araw of D0 → π+π−π0.
In all these operations I assumed that the Aπ tag

ε of D0 → Kπ is the same as the Aπ tag
ε of

D0 → π+π−π0, and that the other asymmetries are the same in the tagged and untagged
D0 → Kπ samples. However, this is not guaranteed by simply using the same selection criteria
for the relevant particles (tag pion for the first case, D0 meson and its daughters for the
second). The detection asymmetries indeed depend on the kinematic distributions of the
involved particles. To make my assumption true, I use per-candidate weights to equalize the
distributions of the kinematic variables that the asymmetry depends on.
Aπ tag

ε is empirically known to depend on the pT and θ of the tag pion, as discussed in
Section 2.4.1. To ensure that the tagged sample has the same Aπ tag

ε as the D0 → π+π−π0

sample, I assign weights to the tagged sample so that its tag pion pT–θ 2D distribution matches
that of the D0 → π+π−π0 sample.

Similarly, to ensure that the untagged sample has the same Aprod and AD0

ε as the tagged
sample, I assign weights to the untagged sample so that its distributions match those of the
(already weighted) tagged sample. In this case, the relevant variables are the pT and θ of the
D0 daughters (on which AD0

ε depends), plus the cos θCM of the D0 (on which Aprod depends,
as explained in Section 3.3). ACP, of course, does not depend on the kinematic of the decay. To
ensure the correlations among these five variables are accounted for, I compute the weights
iteratively on one variable at a time (see Section 6.4.3).

The Aπ tag
ε determination procedure is explained in detail in Chapter 6.
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3.3 production asymmetry

As the name suggests, the production asymmetry is induced by the process that produces
the head of the decay chain, i.e. the D∗ meson. The selection criteria I illustrate in Section 4.2
ensure that my sample only contains “prompt” D∗ mesons, i.e. D∗ mesons produced in the
e+e− → cc process and the subsequent hadronization, rather than in the decay of a B meson
(or heavier beauty particle).

The production asymmetry Aprod arises from the interference of the γ and Z0 contributions
to the e+e− → cc process. In the collision center of mass (CM) frame, the momentum of the c
quark is more likely to point towards the direction of the incoming positrons (i.e. backwards,
towards negative cos θ), while the c antiquark momentum is more likely to point towards the
direction of the incoming electrons (i.e. forwards, towards positive cos θCM). For this reason,
the production asymmetry is often referred to as “forward-backward asymmetry”.

The differential cc cross section can be written, at the Z0 pole, as a function of θCM (the polar
angle of the quark’s momentum in the collision CM frame):

dσ

d cos θCM
∝ 1 + cos2 θCM +

8
3
Afb cos θCM , (3.6)

where Afb is the forward-backward asymmetry proper (a constant between −1 and 1) [73].
The resulting c–c asymmetry is given by

Aprod(cos θCM) =
8
3
Afb

cos θCM

1 + cos2 θCM
, (3.7)

which is an odd function of cos θCM.
Since the momentum of the c quark is not reconstructible, I use the momentum of the D0

instead. I could use the momentum of the D∗ as well, however this is not available in the
untagged D0 → Kπ sample, therefore I use the D0 momentum everywhere for consistency.
The functional shape, as well as the magnitude of the asymmetry as a function of the D0

cos θCM differs from Equation 3.7; however, since both the hadronization process and the
D∗ → D0π decay are caused by the CP-conserving strong interaction, the asymmetry is still an
odd function of the D0 cos θCM.

Figure 3.3 shows the production asymmetry computed on simulation as a function of the
D0 cos θCM. Since no parametrization exists for the production asymmetry as a function of the
D0 cos θCM, the simulation simply uses Equation 3.7 as the best available approximation. From
other analyses in the charm sector, the actual asymmetry on data is known to be over a factor
two larger.

Being an odd function, the integral of the production asymmetry is zero, so it would seem
that it should not contribute to the raw asymmetry in any way. However, for the sample of
reconstructed decays, this is only correct if the reconstruction efficiency is an even function of
cos θCM, which is not the case, as shown in Chapter 5 (Figure 5.1).

removal method Even if the reconstruction efficiency is not cos θCM-even, I can still
exploit the cos θCM-oddness of the production asymmetry to cancel it. I split my sample in a
number of cos θCM bins that are:

• narrow enough that the reconstruction efficiency is approximately constant within each
bin; and
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Figure 3.3: D0 production asymmetry in simulated events, as a function of the true cos θCM. The red
line shows a fit with Equation 3.7.

• symmetric with respect to cos θCM = 0, i.e. for each bin cos θCM ∈ [a, b) there is a
corresponding symmetric bin cos θCM ∈ [−b,−a).

Consider a pair of symmetric bins, denoted by “+” (for the bin in cos θCM > 0) and “−” (for
the bin in cos θCM < 0). Let us measure the raw asymmetry in each bin, and assume that the
detection asymmetries have already been removed: only Aprod and ACP remain. Therefore, the
asymmetries in the two bins A+ and A− are, in average,

A+ = ACP +Abin
prod, A− = ACP −Abin

prod . (3.8)

Because the efficiency is constant within each bin, the Aprod of the two bins are opposite.
Note that the efficiency simplifies in the ratio of Equation 3.1 (assuming that the bias due to
flavor-asymmetric efficiencies has already been corrected): as this happens independently for
each bin, different efficiencies in the two bins do not affect the result.

I can now compute the unweighted average of the asymmetries from the two bins:

Aavg =
A+ +A−

2
=

ACP +
�

��Abin
prod +ACP −

�
��Abin
prod

2
= ACP . (3.9)

The production asymmetry correctly cancels, while the CP asymmetry remains.
I will repeat this procedure for every pair of bins, “folding” the cos θCM < 0 half of the

sample over the cos θCM > 0 half. For each pair, I will obtain a measurement of the same ACP:
these measurements should all be consistent with each other, and I will compute the final ACP
measurement by fitting the bin-pair measurements with a constant function.

3.4 summary

Once I reconstruct my sample of D0 → π+π−π0 decays, I use a fit to measure its raw
asymmetry Araw. This observable contains the CP asymmetry ACP that I want to measure, the
asymmetry induced by the D∗ production process Aprod, and the asymmetry induced by the
reconstruction efficiency of the tag pion Aπ tag

ε . The latter two must be removed.



3.4 summary 51

I can measure Aπ tag
ε as the raw asymmetry difference of the tagged and untagged D0 → Kπ

control samples. Measuring this effect directly on data is necessary, since it depends on the
detector itself, and the simulation might not be able to reproduce all involved effects accurately
enough.

To remove Aprod, I split my sample in bins of cos θCM of the D0 that are symmetric with
respect to cos θCM = 0. I measure Araw in each bin, and subtract Aπ tag

ε bin-wise. Since Aprod is
an odd function of cos θCM, and the binning evens out efficiency effects, I compute the average
asymmetry of each pair of symmetric bins. In this operation, called “folding”, Aprod cancels
out, while ACP, which does not depend on cos θCM, remains.

In summary:
1. I measure the Araw of the D0 → π+π−π0 sample in each cos θCM bin;
2. I measure the Araw of the D0 → Kπ control samples in each cos θCM bin, and compute

each bin’s Aπ tag
ε as the difference between tagged and untagged sample asymmetry;

3. I subtract Aπ tag
ε from the D0 → π+π−π0 Araw bin-wise;

4. I “fold” the cos θCM bins, i.e. compute the average asymmetry in each pair of symmetric
bins; and

5. I fit the “folded” asymmetries, which are all ACP measurements, with a constant function
to obtain the final measurement.

closed-box analysis To avoid experimenter’s biases, the analysis is first performed
with closed box. This is achieved by shifting the data Araw of each cos θCM bin by the same,
unknown amount between −10% and 10%. Signal, tagged, and untagged sample asymmetries
are shifted by three different unknown amounts to avoid cancellations when computing the
corrected asymmetries. The whole analysis procedure, including the systematic uncertainties
and consistency checks, is finalized before opening the box. In this thesis I show preliminary
open-box results (not yet approved by the Belle II collaboration).



4
signal reconstruction and selection

In this chapter I describe the data that I use, and the I take to produce the sample of signal
decays from which I extract the asymmetry (the asymmetry extraction process is described later,
in Chapter 5). Section 4.1 introduces the Belle II samples that I use, including both real-world
data and Monte Carlo (MC) simulation. Section 4.2 described the candidate reconstruction
process, along with all the selection criteria I employ to reject backgrounds, and compares the
expectations from MC to the real data distributions.

4.1 data and simulated samples

The Belle II experiment begun taking data in March 2019, and stopped in June 2022 as the long
shutdown 1 (LS1) begun. During this 2019-2022 period, dubbed Run 1, 428 fb−1 of collisions
were recorded [55]. Data-taking resumed in January 2024, and an additional ∼ 150 fb−1 was
recorded so far; however, due to the time necessary for calibration and offline reprocessing,
my work is only based on Run 1 data.

The majority of the data (365 fb−1) was taken with a collision energy
√

s equal to the Υ(4S)
mass (about 10.58 GeV/c2). About one tenth of the data (44 fb−1) was taken with

√
s below

the BB pair production threshold (at ∼ 10.52 GeV): these are called off-resonance runs, and are
mainly intended for calibration (e.g. BB pair counting). Finally, about one twentieth of the
data (19 fb−1) was taken while scanning

√
s above the Υ(4S) mass (up to 10.8 GeV): these are

referred to as Υ(5S) energy scans, and are mainly intended for quarkonium physics analyses
and searches for hadronic resonances. The e+e− → cc process is almost unaffected by these
changes in

√
s, therefore in this work I use all 428 fb−1 of Run 1.

Besides the real-world data, I also use large simulated samples. The optimization of the
selection criteria and study of the signal and background components, as well as the estimation
of some systematic uncertainties, are based on these samples. Belle II MC samples are centrally
produced, and correspond to about four times the data luminosity. Also, these samples are run
dependent: events are produced for each data-taking run (periods of no more than 8 h), in an
amount proportional to the run’s integrated luminosity, taking into account the actual detector
conditions and calibrations for that specific period as much as possible. Moreover, beam-induced
background hits, which are notoriously difficult to simulate accurately, are taken from data
(using a dedicated random trigger line) and overlaid onto the simulated events.

The simulation process is the following.
1. The e+e− → X process is simulated by an appropriate generator; for instance, PYTHIA8

[67] and KKMC [68] simulate e+e− → qq processes, using a combination of models and
experimental inputs (e.g. fragmentation factors).

2. EvtGen [66] simulates the decay of the particles X from the previous step, and of their
daughters, recursively, until only long-lived particles that may reach the detector remain;
the inputs to EvtGen are tables of decay modes with their branching fractions and models
for the daughters’ kinematic distributions.

52
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3. Geant4 [71] simulates the flight of the particles, their interaction with the detector
material (active and non), and their decay (if appropriate); the inputs to Geant4 are the
geometry and material properties of the detector and its mechanical structure, a map
of the solenoidal magnetic field, and the mean life and decay modes of the particles, as
well as their interaction cross section with the various materials.

4. Dedicated basf2 modules for each Belle II subdetector simulate the detector response
to the particle-detector interactions simulated by Geant4 (including secondary particles
generated by Geant4 itself); this simulation includes both the detector physics and its
electronics, and is often parametrized to achieve a reasonably fast simulation.

5. Detector hits from beam-induced backgrounds (taken from real-data random-trigger
events) are added to the simulated hits.

6. The level 1 (L1) trigger logic is simulated, using the detector hits as input; if the response
of the trigger to the event is negative, the event is discarded.

7. The simulated detector information is passed to the reconstruction process; this is, at
every step, the same process used for real data, including the high-level trigger (HLT)
decision and flagging.

8. Reconstructed particle candidates are matched to the corresponding generated particles,
if any; depending on the subdetectors, the matching also takes into account the quality
of the reconstructed particle and its measured parameters.

For my work, I use generic MC samples of e+e− → B0B0, B+B−, cc, ss, uu, dd, and τ+τ−

events, accounting for 1712 fb−1 (exactly four times the data luminosity). I also use dedicated
signal MC samples of e+e− → cc events where at least one D∗+ (or D∗−) is present, and is forced
to decay to D0π+ (D0π−), with the D0 (D0) decaying to π+π−π0. The signal samples contain
13 × 106 events, corresponding to 1806 fb−1 (a bit more than four times the data luminosity).

The signal samples use a modified EvtGen model for the D0 → π+π−π0 decay kinematics,
which fixes some inconsistencies between the generated Dalitz plot (DP) distribution, and that
observed by the BABAR experiment in [39]. The amplitude analysis results from this paper are
used as input to the EvtGen DP model. More details about the modification may be found
in [74]. To avoid double-counting, e+e− → cc events with a signal decay (D∗ → D0π with
D0 → π+π−π0) are removed from the generic MC sample.

4.1.1 Sample skim

To allow faster sample processing and minimize the usage of computational resources, skimmed
versions of the data and MC samples are produced during the centralized offline reprocessing.
These physics skims are different from the HLT skims described in Section 2.3, as they are
dedicated to specific channels or groups of similar channels.

Physics skims are produced by reconstructing candidates for specific decay chains with
loose selections, and retaining only events with at least one candidate. The physics skim I use
for the D0 → π+π−π0 signal sample requires:

1. that the event is flagged as “hadronic” at the HLT skim level; and
2. the presence of at least one D∗ → D0π, D0 → h+h′−π0 candidate in the event, where h

and h′ are either pions or kaons in any combination.
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The first requirement is computed during data taking, and translates in the presence,
inside the event, of at least three tracks with relatively large transverse momentum and
originating from the interaction point (IP): pT > 200 MeV/c, |d0| < 2 cm, and |z0| < 4 cm.
Events consistent with Bhabha scattering are also loosely vetoed.

The second requirement applies to reconstructed D∗ candidates. Physics skim employ the
same candidate reconstruction strategy and tools as actual analyses. Since I describe this
in detail in Section 4.2, I defer this explanation (and the definition of the variables used),
and I only report the skim’s selection criteria in Table 4.1. The only noteworthy difference
with respect to my selection criteria is the requirement that a kinematic fit, performed with
KFit of the π0 meson parameters converges. This fit is performed using KFit, the kinematic
fitting algorithm of the Belle experiment, which is based on [75]. All other criteria are either
unchanged or tightened in the final set of selections.

Variable Selection

Photons

clusterNHits > 1.5

θ within CDC acceptance (17◦ to 150◦)

E > 25 MeV for forward and barrel ECL

E > 40 MeV for backward ECL

Neutral pion

M between 105 MeV/c2 and 150 MeV/c2

KFit must converge

Charged particles

dr < 1 cm

|dz| < 3 cm

θ within CDC acceptance (17◦ to 150◦)

πIDNN > 0.1 (for pions)

KIDNN > 0.1 (for kaons)

D0 meson

M between 1.7 MeV/c2 and 2.1 MeV/c2

D∗ meson

∆M < 160 MeV/c2

pCM > 2 GeV/c

Table 4.1: The selection criteria used by the D∗ → D0π, D0 → h+h′−π0 physics skim.

It is important to note that I apply the skim selection to all the samples I use. This reflects
on the distributions and values I show throughout this thesis.
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4.2 signal candidates reconstruction

Signal candidates are reconstructed using the basf2 tools for analysis. A candidate for a mother
particle is built by grouping candidates corresponding to the daughter particles, and computing
the mother’s four-momentum as the sum of the four-momenta of the daughters. Daughter
candidates may be both final-state particles (FSPs), or particles reconstructed previously using
the same process; this allows to reconstruct a decay chain starting from the FSPs and going
backwards.

The basf2 tools build lists of candidates by considering all possible combinations of daughters
that are physically meaningful (e.g. the same FSP is not used twice in the same candidate, the
charges are correct, the correct mass hypotheses are used for tracks, etc.). To keep the number
of combinations manageable, some loose pre-selections are applied already when forming the
candidates: those I use for my signal channel are listed in Appendix B; it is important to note
that these selection are already applied in all distributions and values I show in this thesis.

The first step in reconstructing my signal channel, D0 → π+π−π0, is to reconstruct the
neutral pion. Then, I combine π0 candidates with two oppositely-charged tracks to form D0

candidates. Finally, I combined D0 candidates with tracks of any charge to form D∗ → D0π

candidates from which the flavor of the D0 can be inferred. In the following, I describe in
detail each step, the selections I impose, and the reason behind them; the selection criteria are
also summarized in Table 4.2.

I reconstruct π0 mesons from pairs of photons: this covers ∼ 98.8% of the π0 decays [15].
A substantial background is produced by random combinations of unrelated photons or
beam-induced background clusters: to suppress this, I use several selection criteria on the
photon candidates themselves, which I report in the following list.

• clusterNHits > 1.5: this variable counts the number of ECL crystals that take part in the
cluster, which can be fractional when the energy detected by a single crystal is subdivided
among two nearby clusters; this is a standard selection to reject noise-induced photon
candidates.

• θ within CDC acceptance: as explained in Section 2.4.3, this criterion ensures that, if the
cluster is produced by a charged particle, said particle can be detected by the tracking
subdetectors, and thus the cluster can be excluded from the photon candidates.

• E > 100 MeV: the vast majority of beam-induced background clusters have very low
energy in the laboratory frame, synchrotron radiation being one of the main culprits;
thus, minimum energy requirements are effective at suppressing them, with small impact
on the reconstruction efficiency since my D∗ mesons are boosted in the laboratory frame
(see later selections).

• |clusterTime| < 200 ns: this variable is the time of arrival of the cluster, measured with
respect to the event time; this criterion is meant to suppress beam-induced background
clusters, which are uniformly distributed in time; the 200 ns value is a standard selection
based on the electromagnetic calorimeter (ECL) time resolution measured on data.

• |clusterTimeSignificance| < 2: this variable is the ratio between clusterTime and its
uncertainty, parametrized so that the ±1 significance range contains 99% of the correctly-
reconstructed photons in simulation; the rationale behind this selection is the same as
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Variable Selection

Photons

clusterNHits > 1.5

θ within CDC acceptance (17◦ to 150◦)

E > 100 MeV

|clusterTime| < 200 ns

|clusterTimeSignificance| < 2

E1/E9 > 0.3

E9/E21 > 0.8

clusterZernikeMVA > 0.1

Neutral pion

M between 116 MeV/c2 and 150 MeV/c2

p > 500 MeV/c

Charged particles

dr < 0.5 cm

|dz| < 1 cm

θ within CDC acceptance (17◦ to 150◦)

πIDNN > 0.2 (D0 daughters)

πIDNN > 0.1 (tag pion)

D0 meson

M between 1.785 GeV/c2 and 1.95 GeV/c2

M(π+π−) not between 470 MeV/c2 and 530 MeV/c2 (K0
S veto)

D∗ meson

TreeFit must converge

∆M between 140 MeV/c2 and 150 MeV/c2

X > 1.06 (veto on D∗ mesons from B meson decays)

Best candidate selection Keep candidate with highest TreeFit probability

Table 4.2: The selection criteria used for signal candidates.
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for clusterTime; the value of 2 is a standard selection based on the comparison of data
and simulated distributions.

• E1/E9 > 0.3: this variable is the ratio between the energy deposited in the central
crystal of the cluster, and that deposited in the 3 × 3 crystals around the central one (see
Figure 4.1); since photon clusters tend to be narrower than clusters produced by other
particles, this variable provides some discriminating power against non-photon clusters.

• E9/E21 > 0.8: this variable is the ratio between the energy deposited in the 3 × 3 central
crystals of the cluster, and that deposited in the 5 × 5 crystals around the central block,
excluding the four corners (see Figure 4.1); the rationale behind this selection is the same
as for E1/E9.

• clusterZernikeMVA > 0.1: this variable is the output of a multivariate analysis (MVA)
(specifically, a boosted decision tree [76]) that uses the Zernike moments of the cluster’s
transverse energy distribution to distinguish photon clusters from K0

L clusters [77]; like
E1/E9 and E9/E21, it provides some discriminating power against non-photon clusters.

Plots of the distributions of some of these variables can be found in Figure 4.2.

E21

E9

E1

Figure 4.1: Visualization of the E1, E9, and E21 cluster variables.

Besides the selections on the photon candidates, I also required the reconstructed π0 mass
to be between 116 MeV/c2 and 150 MeV/c2 (window of about 2.5 standard deviations), and
the minimum π0 momentum to be 500 MeV/c (further suppresses combinatorial candidates).
The distributions of these variables are shown in Figure 4.3.

I select tracks that originate reasonably close to the IP by requiring that dr < 0.5 cm and
|dz| < 1 cm; dr and dz differ from d0 and z0 in that they are computed with respect to to the
measured position of the collision point in each run, rather than the nominal one (the origin of
the coordinates): this allows to use tighter selection criteria. Also note that dr is always positive,
being defined as the transverse distance between point of closest approach (PoCA) and IP. I
also require the θ angle of the track’s momentum to be within the acceptance of the tracking
subdetectors: this is a standard selection to reject badly-reconstructed track candidates. I use
all of the tracks that pass my selection assuming they are pions. Distributions for the impact
parameters are shown in Figure 4.4.

I reconstruct D0 meson candidates by combining π0 candidates with pairs of oppositely-
charged tracks. Such tracks must have particle identification (PID) probability greater than
0.2; I use the pion-vs.-kaon identification probability based on neural network (NN) (πIDNN),
which I introduced in Section 2.4.2. This is a loose requirement meant to suppress backgrounds
from D0 → Kππ0 and similar channels, where I misidentify a kaon as a pion, without
introducing strong experimental asymmetry from the PID requirement; such background can
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Figure 4.2: Distributions of photon variables used for selections, in simulation (1712 fb−1 scaled to
428 fb−1). The blue lines are for correctly-reconstructed photons from D0 → π+π−[π0 →
γγ] decay chains, scaled by a factor 50 for readability; the red lines are for correctly-
reconstructed photons from other π0 → γγ decays; the purple lines are for other correctly-
reconstructed photons; and the gray lines are for all other ECL clusters.
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(b) Momentum.

Figure 4.3: Distributions of π0 variables used for selections, in simulation (1712 fb−1 scaled to 428 fb−1)
and after applying photon selections. The blue lines are for correctly-reconstructed π0

mesons from D0 → π+π−π0 decays, scaled by a factor 20 for readability; the purple lines
are for other correctly-reconstructed π0 mesons; and the gray lines are for all other π0

candidates.
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(b) Longitudinal.

Figure 4.4: Distributions of charged pion impact parameters, in simulation (1712 fb−1 scaled to 428 fb−1).
The blue lines are for correctly-reconstructed pions from D∗ → [D0 → π+π−π0]π decay
chains; the purple lines are for other correctly-reconstructed pions; and the gray lines are for
all other track candidates.
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be discerned from the signal from their D0 mass distribution, as I explain in Chapter 5. The
πIDNN distribution can be found in Figure 4.5a.

At this point, it is not possible to univocally assign the flavor of the D0 meson. I therefore,
reconstruct D∗ meson candidates by combining D0 candidates with tracks of any charge sign.
Such tracks are required to have πIDNN > 0.1 to ensure consistency with the physics skim
selection (see Table 4.1). The πIDNN distribution can be found in Figure 4.5b.
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(a) Tracks used as D0 daughters.
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Figure 4.5: Distributions of charged pion PID probabilities, in simulation (1712 fb−1 scaled to 428 fb−1).
The blue lines are for correctly-reconstructed pions from D0 → π+π−π0 or D∗ → D0π
decays; the purple lines are for other correctly-reconstructed pions; and the gray lines are
for all other track candidates.

I perform a vertex fit on the reconstructed decay chain using TreeFitter [78, 79]: this tool
allows to simultaneously fit the kinematic and geometry of the decay chain using appropriate
constraints (e.g. four-momentum conservation, strong decays happening with negligible flight
distance, etc.), determining the position of the decay vertices and updating the kinematic
variables, improving their resolution. In this step, I assume the D∗ meson to be produced at
the IP, which adds an additional constraint to the fit. I reject candidates for which this fit does
not converge.

After the vertex fit, I require the invariant mass of the π+π− pair, M(π+π−), not to be
between 470 MeV/c2 and 530 MeV/c2. This selection is meant to suppress the D0 → K0

S π0

background with early-decaying K0
S , which mimics the signal in all its characteristics. D0 →

K0
S π0 decays with a K0

S decaying far from the D0 vertex are suppressed by the selections on the
tracks’ impact parameters. Figure 4.6 shows the distribution of M(π+π−).

In Section 3.3 I introduced the necessity to ensure that the D∗ mesons I reconstruct are
“prompt”, i.e. produced by e+e− → cc processes: this implies rejecting D∗ mesons produced in
the decay of B mesons. Note that I also used this assumption in imposing the production-at-IP

constraint to the vertex fit.
Since B mesons are produced in pairs, their energy in the collision center of mass (CM) frame

is half of the collision energy (
√

s/2). From this information, a limit on the CM momentum of
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Figure 4.6: Distribution of M(π+π−), in simulation (1712 fb−1 scaled to 428 fb−1), after having applied
all aforementioned selections. The blue line is for correctly-reconstructed D∗ → [D0 →
π+π−π0]π decay chains; the yellow line is for the D0 → K0

S π0 background; and the pink
line is for all other candidates.

the D∗ produced as B → D∗X can be computed: let this be pmax
CM . I compute the value of this

limit as a function of
√

s in Section A.2. I then define the X variable as

X =
pCM

pmax
CM (

√
s)

, (4.1)

where I use 2MB instead of
√

s when the latter is below the BB pair production threshold (i.e.,
in off-resonance runs). I then require that X > 1.06 to reject D∗ mesons from B meson decays;
for Υ(4S) runs, this corresponds to pCM ≳ 2.6 GeV/c. The pCM and X distributions are shown
in Figure 4.7. Note that this selection has the positive side-effect of suppressing over 50% of
the (mostly combinatorial) low-momentum background candidates; most of this background
comes from e+e− → BB events, where the particle multiplicity is particularly high and the
average particle momentum is small.

The variables I fit to extract the signal asymmetry are the D0 invariant mass, and the mass
difference between D∗ and D0 mesons, ∆M. I require the D0 mass to be between 1.785 GeV/c2

and 1.95 GeV/c2 (a window corresponding to over four standard deviations), and ∆M to
be between 140 MeV/c2 and 150 MeV/c2 (a window corresponding to over ten standard
deviations, meant to be able to capture the shape of the background components). The value
of the lower D0 mass limit is chosen to ease the handling of the main peaking background
component, D0 → Kππ0: this is discussed in detail in Chapter 5. The reason for using ∆M
instead of the D∗ mass is because the latter is strongly correlated with the D0 invariant mass
by construction, while for the former this effect is much smaller.

Finally, since I expect events with two signal decays to be relatively rare (about 0.18% of
the events with at least one signal decay), I keep only the candidate with the highest TreeFit
probability (i.e. p-value from the χ2 test) in each event. This further suppresses some of the
residual background. Events with multiple D∗ candidates occur approximately 12% of the time
in the signal MC samples, and 10% of the time in the generic MC samples. In events where at
least one correctly-reconstructed signal candidate is present, this best candidate selection (BCS)
is (61.03 ± 0.12)% efficient at selecting the signal candidate.

The total signal efficiency is (11.275 ± 0.009)% on MC.
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Figure 4.7: Distributions of the D∗ CM momentum and X variable, in simulation (1712 fb−1 scaled
to 428 fb−1), after having applied all aforementioned selections. The blue lines are for
correctly-reconstructed, prompt D∗ → [D0 → π+π−π0]π decay chains; the red lines are for
correctly-reconstructed D∗ → [D0 → π+π−π0]π decay chains from B → D∗X decays; and
the purple/grey lines are for all other candidates.

Figure 4.8 shows the distribution of the fit variables after applying all selections, and
compares data and MC distributions. Both signal and background shapes appear to be relatively
well-modeled in simulation, although signal abundance is about 20% lower in data with respect
to MC. This has been observed in all D∗-tagged analyses at Belle II, and is believed to be due
to incorrect D∗ fragmentation inputs to the generator (PYTHIA), which is plausible given the
large experimental uncertainties on such value.

To improve the agreement between data and MC, which is especially important for the
reliability of the systematic uncertainties computed on simulation, I apply an ad-hoc rescaling
of the various components on MC. I obtain the scale factors via a dedicated least-squares fit
based on the histograms of the D0 invariant mass for the data and the various MC components.
I apply a shift of −1 MeV/c2 to the simulation only for the purpose of computing the scale
factors: this shift is probably caused by the uncertainty of the photon energy bias corrections
used when reconstructing the data sample. Figure 4.9 shows the D0 invariant mass and ∆M
distributions after the rescaling: the maximum discrepancy is reduced to about 2%.
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Figure 4.8: Distributions of the fit variables in simulation (1712 fb−1 scaled to 428 fb−1) and data, with
all selections applied. Blue is for correctly-reconstructed signal decay chains; red is for
correctly-reconstructed signal D0 mesons with random tag pion attached; purple is for
signal D0 mesons with one incorrect daughter; grey is for the D0 → Kππ0 background; pink
is for all other combinatorial background; and the black points are the data distribution. At
the bottom: ratio between data and MC.
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Figure 4.9: Distributions of the fit variables after applying the ad-hoc rescaling of the MC.



5
sample modeling and asymmetry extraction

To extract the raw asymmetry of the signal decays, I employ an unbinned likelihood fit of the
D0 invariant mass and ∆M distributions. I split my samples into eight symmetric cos θCM (of
the D0 meson) bins, as described in Section 3.3, and by flavor; then, I simultaneously fit these
16 subsamples.

The cos θCM binning is reported in Table 5.1, and shown in Figure 5.1. The latter also shows
the signal reconstruction efficiency in Monte Carlo (MC), since one of the assumptions used in
Section 3.3 is that the signal efficiency is approximately constant within each bin. As this is not
exact, systematic effects from this are evaluated in Section 7.3.2.

cos θCM −0.7 −0.599 −0.411 −0.208 0 0.208 0.411 0.599 0.7

Bins Bin 1 Bin 2 Bin 3 Bin 4 Bin 5 Bin 6 Bin 7 Bin 8

Table 5.1: The cos θCM binning used throughout this work.
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Figure 5.1: The cos θCM binning used throughout this work, superimposed on the simulated distribution
of reconstructed signal decays.

Splitting the sample into cos θCM bins also eases the definition of suitable probability density
function (PDF), as I can capture the cos θCM dependence of the distributions by splitting PDF

parameters by bin, rather than having to define a PDF that works on the whole sample. However,
note that I exclude the candidates with |cos θCM| > 0.7: I do this because the PDFs I define
for the “inner” region (|cos θCM| ≤ 0.7) are unable to describe the signal and background
distributions in the “outer” region (|cos θCM| > 0.7). The “outer” region contains about 20%
of the signal candidates, and has a 30% worse signal-to-background ratio: adding the “outer”
region would only improve the statistical uncertainty by less than 10% (relative), which I deem
insufficient to warrant finding a specific model for the “outer” region.
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The PDF I use considers five different components: these are described in Section 5.1. The
complete fit and the resulting raw asymmetry measurement, instead are shown in Section 5.2.

5.1 sample composition

There are five prominent components in the reconstructed signal decays sample: correctly-
reconstructed signal decay chains, purely combinatorial background, D∗ → [D0 → Kππ0]π

decay chains (with the kaon misidentified as a pion), signal D0 decays with random tag pion
attached, and partially mis-reconstructed signal D0 decays. Table 5.2 reports their abundance
in MC.

Component Yield Nx Ratio Nx/Nsignal

Signal (346.5 ± 0.3)× 103 1

with decayed-in-flight tag pion (7.30 ± 0.04)× 103 2.1%

Random-pion signal (7.04 ± 0.04)× 103 2.0%

with correct flavor (3.63 ± 0.03)× 103 1.0%

with wrong flavor (3.41 ± 0.03)× 103 0.98%

Mis-reconstructed signal (52.94 ± 0.12)× 103 15%

D0 → Kππ0 (47.17 ± 0.11)× 103 14%

Other (1152.7 ± 0.5)× 103 3.3

Residual D0 → K0
S π0 149 ± 6 4.2 × 10−4

Total (1613.7 ± 0.6)× 103 4.7

Table 5.2: Abundance of the various components in the simulated sample of reconstructed D0 →
π+π−π0 decays (scaled to 428 fb−1).

In the following sections I describe these components in detail, together with the PDFs I use
to describe them in the fit.

5.1.1 Correctly-reconstructed signal

This component is made of correctly-reconstructed signal decay chains. The D0 invariant mass
and ∆M distributions peak at the expected values, ∼ 1.865 GeV/c2 and ∼ 145.4 MeV/c2 [15].

In this component I include those candidates for which the tag pion decayed inside the
detector, which are about 2% of the total. This subcomponent has a wider ∆M distribution
due to the worse resolution on the track parameters of the tag pion, as shown in Figure 5.2.

To model the distribution of this component I use the product of two independent Johnson’s
SU PDFs:

psig
M (M) = Johnson(M|µsig

M , λ
sig
M , γ

sig
M , δ

sig
M ), (5.1a)

psig
∆M(∆M) = Johnson

(
∆M|Jµ(µ

sig
∆M, λ

sig
∆M, γ

sig
∆M, δ

sig
∆M), λ

sig
∆M, γ

sig
∆M, δ

sig
∆M

)
, (5.1b)

psig(M, ∆M) = psig
M (M) · psig

∆M(∆M) , (5.1c)
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Figure 5.2: Fit variables distribution for the signal component in simulation (1712 fb−1 scaled to
428 fb−1). The subcomponents without (blue) and with (red) decayed-in-flight tag pion
are shown separately, the latter scaled up by a factor 50 for readability.

where the Jµ function is defined so that µ
sig
∆M is the mode of the distribution. The definitions of

both the Johnson PDF and the Jµ function can be found in Section A.3. Figure 5.3 shows the
result of fitting the signal component alone, on MC, for one cos θCM bin.
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Figure 5.3: Fit of the signal component on MC for (D0s, bin 4, i.e. cos θCM from −0.208 to 0).

The two λ parameters are split by cos θCM bin; all other parameters are shared among the
bins.
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5.1.2 D0 → Kππ0 background

This component is made of candidates corresponding to D∗ → [D0 → Kππ0]π decays that are
correctly reconstructed, except for the mis-identification of the kaon as a pion. The D0 invariant
mass distribution peaks at lower values than the nominal D0 mass (because of “missing” mass
from the wrong hypothesis on the kaon track), while the ∆M distribution peaks around the
expected value, but with a distorted peak shape.

To ease the modeling of this distribution, I cut the D0 invariant mass window at 1.875 GeV/c2

(as already introduced in Section 4.2), thus leaving only part of the right tail of the D0 mass
peak. This can be seen in Figure 5.4.
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Figure 5.4: Fit variables distribution for the signal (blue), D0 → Kππ0 (gray), and combinatorial (pink)
components in simulation (1712 fb−1 scaled to 428 fb−1). The D0 → Kππ0 component is
scaled up by a factor 10 on the left and 3 on the right for readability.

To model the distribution of this component, I use the product of a power law for the D0

invariant mass, and a fully-asymmetric double-sided Crystal Ball PDF for ∆M:

ppkg
M (M) = (M − xpkg

0,M)−npkg
M , (5.2a)

ppkg
∆M(∆M) = CB(∆M|µpkg

∆M, σ
pkg
L,∆M, σ

pkg
R,∆M, α

pkg
L,∆M, npkg

L,∆M, α
pkg
R,∆M, npkg

R,∆M), (5.2b)

ppkg(M, ∆M) = ppkg
M (M) · ppkg

∆M(∆M) . (5.2c)

The definition of the Crystal Ball PDF can be found in Section A.3. Figure 5.5 shows the result
of fitting the D0 → Kππ0 component alone, on MC, for one cos θCM bin.

The x0 parameter is fixed at the lower limit of the D0 invariant mass range. The σL, σR, and
αR parameters are split by cos θCM bin; all other parameters are shared among the bins.

5.1.3 Combinatorial background

This component includes all candidates that are not related to signal D0 decays or D0 → Kππ0

decays. The D0 invariant mass and ∆M distributions are non-peaking. This can be seen in
Figure 5.4.
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Figure 5.5: Fit of the D0 → Kππ0 component on MC for (D0s, bin 4, i.e. cos θCM from −0.208 to 0).

To model the distribution of this component, I use the product of a 2
nd-degree Chebyshev

polynomial for the D0 invariant mass with a threshold-like function for ∆M:

pnpk
M (M) = 1 + pnpk

1,M · M + pnpk
2,M · (2M2 − 1), (5.3a)

pnpk
∆M(∆M) =


√

∆M − xnpk
0,∆M + pnpk

0,∆M + pnpk
1,∆M(∆M − xnpk

0,∆M) ∆M > xnpk
0,∆M

0 ∆M ≤ xnpk
0,∆M

, (5.3b)

pnpk(M, ∆M) = pnpk
M (M) · pnpk

∆M(∆M) . (5.3c)

Figure 5.6 shows the result of fitting the combinatorial component alone, on MC, for one
cos θCM bin.

The x0 parameter is fixed at the nominal mass of the charged pion, 139.57 MeV/c2 [15]. Both
1D PDFs are normalized to one within the range considered for the fit. The ∆M PDF parameters
are split by cos θCM bin; the other parameters are shared among the bins.

5.1.4 Signal D0 decays with random pion

This component is made of candidates with correctly-reconstructed signal D0 → π+π−π0

decay, but random track attached as tag pion. Such random track may have any charge sign.
The D0 invariant mass distribution is the same as for the signal component, while the ∆M
distribution is the same as for the combinatorial component. This is shown in Figure 5.7.

To model the distribution of this component I use the product of the signal component’s D0

invariant mass PDF, and the combinatorial component’s ∆M PDF:

pRπ(M, ∆M) = psig
M (M) · pnpk

∆M(∆M) . (5.4)

Figure 5.8 shows the result of fitting the random-pion component alone, on MC, for one cos θCM

bin.
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(b) D0 invariant mass distribution.

Figure 5.6: Fit of the combinatorial component on MC for (D0s, bin 4, i.e. cos θCM from −0.208 to 0).
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(a) ∆M distribution.

1.8 1.85 1.9 1.95

]2 invariant mass [GeV/c0D

0

2

4

6

8

10

12

14

16

18
310×

D
* 

ca
nd

id
at

es
 / 

bi
n

Signal
200×, right charge tagπWrong 

200×, wrong charge tagπWrong 

Own work

(b) D0 invariant mass distribution.

Figure 5.7: Fit variables distribution for the random-pion component in simulation (1712 fb−1 scaled to
428 fb−1). The signal (blue) component is shown for comparison. The subcomponents with
correct (red) and wrong (purple) tag pion charge are shown separately, and scaled up by a
factor 200 for readability.



5.1 sample composition 70

140 142 144 146 148 150

)2M (MeV/c∆

5

10

15

20

25
 )2

E
ve

nt
s 

/ (
 0

.1
 M

eV
/c

Own work

140 142 144 146 148 150

]2M [MeV/c∆

3−
2−
1−
0
1
2
3

P
ul

l

(a) ∆M distribution.

1.8 1.85 1.9 1.95

)2) (GeV/c0M(D

20

40

60

80 )2
E

ve
nt

s 
/ (

 0
.0

01
65

 G
eV

/c

Own work

1.8 1.85 1.9 1.95

]2) [GeV/c0M(D

3−
2−
1−
0
1
2
3

P
ul

l
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Figure 5.8: Fit of the random-pion component on MC for (D0s, bin 4, i.e. cos θCM from −0.208 to 0).

In the final fit (with all components together), the parameters are shared with the other
components’ PDFs.

5.1.5 Partially mis-reconstructed signal

This component is made of candidates with incorrectly-reconstructed signal D0 → π+π−π0

decay, where one of the D0 daughters is not the correct particle. There are two subcomponents:
a non-peaking one, with distributions similar to those of the combinatorial component; and a
peaking one, with a very wide D0 invariant mass peak and a ∆M distribution similar to that of
the signal component but wider. This is shown in Figure 5.9.

To model the D0 invariant mass distribution of this component, I use a 2
nd-degree Chebyshev

polynomial. For ∆M, I use the signal component’s Johnson distribution (with a different λ

parameter to allow larger width) for the peaking subcomponent, and the combinatorial
component’s threshold function for the non-peaking subcomponent.

pmisreco
M (M) = 1 + pmisreco

1,M · M + pmisreco
2,M · (2M2 − 1), (5.5a)

pmisreco,pkg
∆M (∆M) = Johnson

(
∆M|Jµ(µ

sig
∆M, λmisreco

∆M , γ
sig
∆M, δ

sig
∆M), λmisreco

∆M , γ
sig
∆M, δ

sig
∆M

)
, (5.5b)

pmisreco,npk
∆M (∆M) =

√
∆M − xnpk

0,∆M + pnpk
0,∆M + pnpk

1,∆M(∆M − xnpk
0,∆M), (5.5c)

pmisreco,pkg(M, ∆M) = pmisreco
M (M) · pmisreco,pkg

∆M (∆M), (5.5d)

pmisreco,npk(M, ∆M) = pmisreco
M (M) · pmisreco,npk

∆M (∆M), (5.5e)

pmisreco(M, ∆M) = npkg · pmisreco,pkg(M, ∆M) + nnpk · pmisreco,npk(M, ∆M) . (5.5f)

Figure 5.10 shows the result of fitting the mis-reconstructed signal component alone, on MC,
for one cos θCM bin.
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Figure 5.9: Fit variables distribution for the mis-reconstructed signal component in simulation (1712 fb−1

scaled to 428 fb−1). The signal (blue) component is shown for comparison. The fractions
with correct (red, scaled up by a factor 20) and wrong (purple, scaled up by a factor 200) tag
pion charge are shown separately.
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Figure 5.10: Fit of the mis-reconstructed signal component on MC for (D0s, bin 4, i.e. cos θCM from
−0.208 to 0).



5.2 raw asymmetry extraction 72

The λ parameter is split by cos θCM bin; the D0 invariant mass PDF parameters are shared
among the bins; all other parameters are taken from their respective component’s PDF and,
in the final fit (with all components together), are shared with the said component. Also, in
the final fit, the non-peaking subcomponent is not used, letting the combinatorial component
absorb it.

5.2 raw asymmetry extraction

To extract the asymmetry from data, all components are fitted at the same time. The yields
of each component are fitted independently for each cos θCM bin and for each D0 flavor by
defining

nx = nx
tot

1 +Ax
raw

2
, nx = nx

tot
1 −Ax

raw
2

, (5.6)

where n and n are the D0 and D0 yields, ntot is the total yield, and Araw is the raw asymmetry
of the component x. The fit directly extracts ntot and Araw.

Because of the large number of parameters, many are determined by fitting the single
component on MC and then fixed when fitting all components together. This mostly includes
shape parameters. Several width parameters are fixed to their MC values in the single cos θCM

bin, but have a global (i.e. shared among the cos θCM bins) scale factor that is left free. This is
summarized in Table 5.3

Component Model
Parameters

Split Shared

Signal
M Johnson λ† µ, γ∗, δ∗

∆M Johnson λ† µ, γ∗, δ∗

D0 → Kππ0 M Power law – n∗

∆M Crystal Ball σ†
L, σ†

R, α∗
R µ, α∗

L, n∗
L, n∗

R

Combinatorial
M 2

nd-deg. Chebyshev – p1, p2

∆M Threshold func. p0, p1 –

Random pion
M Same as signal – –

∆M Same as combinatorial – –

Mis-reconstructed M 2
nd-deg. Chebyshev – p∗1 , p∗2

(peaking) ∆M Johnson λ† –

Table 5.3: Summary of the PDF models used in the D0 → π+π−π0 fit. “Split” and “shared” refer to
parameter splitting among cos θCM bins. The ∗ and † indicate fixed parameters (see footnotes).

∗Parameter value is fixed from single-component fit on MC.
†Parameter value is fixed, but a global (shared among cos θCM bins) scaling factor s is left floating.

Also, because the abundances of the random pion and mis-reconstructed components are
too small to be resolved by the fit, their yields are defined as a fraction of the signal yield,
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which is fixed from MC. Since the mis-reconstructed component almost always has a tag pion
with the correct charge sign, its asymmetry contributes to that of the signal. The random-pion
component asymmetry, instead, is fixed from MC.

D0 and D0 PDFs for each component are assumed to be the same in each cos θCM bin, letting
only the yields differ. The total PDF is therefore given by

p(M, ∆M) = nsig
[
(1 − f misreco)psig + f misreco · pmisreco,pkg

]
(5.7a)

+ nRπ · pRπ + npkg · ppkg + nnpk · pnpk, (5.7b)

p(M, ∆M) = nsig
[
(1 − f misreco)psig + f misreco · pmisreco,pkg

]
(5.7c)

+ nRπ · pRπ + npkg · ppkg + nnpk · pnpk , (5.7d)

where the various n and n are defined as in Equation 5.6, while the various px are the 2D PDFs

defined in the previous sections. The f misreco parameter is the fraction of mis-reconstructed
signal component with respect to the correctly-reconstructed signal component, whose values
are reported in Table 5.4. The random-pion component yields nRπ and nRπ are also defined as
in Equation 5.6, but with nRπ

tot = nsig
tot f Rπ, where the fraction f Rπ is taken from MC and reported

in Table 5.5; also the asymmetry ARπ
raw is fixed from MC and reported in Table 5.6.

cos θCM bin Mis-reconstructed fraction cos θCM bin Mis-reconstructed fraction

1 (5.1 ± 0.3)% 2 (4.8 ± 0.2)%

3 (5.0 ± 0.2)% 4 (4.9 ± 0.2)%

5 (5.7 ± 0.2)% 6 (5.7 ± 0.2)%

7 (7.0 ± 0.3)% 8 (7.6 ± 0.3)%

Table 5.4: Mis-reconstructed signal component fractions with respect to the correctly-reconstructed
signal component, determined from the MC sample.

cos θCM bin Random π fraction cos θCM bin Random π fraction

1 (1.80 ± 0.05)% 2 (1.71 ± 0.03)%

3 (1.68 ± 0.03)% 4 (1.67 ± 0.03)%

5 (1.69 ± 0.03)% 6 (1.68 ± 0.03)%

7 (1.73 ± 0.03)% 8 (1.70 ± 0.04)%

Table 5.5: Random-pion component fractions with respect to the signal component, determined from
the MC sample.

Figure 5.11 shows the fit on data and the resulting raw asymmetries. Figures and numerical
results for each cos θCM bin can be found in Table C.1 and Section C.1.
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Figure 5.11: Final fit of the data sample. All cos θCM bins are projected together in the distribution plots.
The middle plots show the pulls, while the bottom plots show the asymmetry for data
(points) and PDF (line).
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cos θCM bin Random π asymmetry cos θCM bin Random π asymmetry

1 (−4.3 ± 2.5)% 2 (2.7 ± 1.9)%

3 (−0.1 ± 1.9)% 4 (−0.8 ± 1.9)%

5 (1.5 ± 1.8)% 6 (−0.6 ± 1.7)%

7 (−3.7 ± 1.7)% 8 (3.3 ± 2.3)%

Table 5.6: Random-pion component asymmetries, determined from the MC sample.



6
flavor tagging asymmetry correction

In this chapter I explain how I use my control channel, D0 → Kπ, to measure the asymmetry
induced by reconstructing the D∗ → D0π decay, i.e. the flavor tagging asymmetry. This is
mainly due to the track reconstruction charge asymmetry, which is large at low transverse
momentum as explained in Section 2.4.1. Past studies performed by the Belle II tracking group
showed that the simulation reproduce the dependence of this asymmetry on pT and cos θ

relatively well, but cannot be relied upon where the magnitude of the effect is concerned.
D0 → K−π+ (D0 → K+π−) is a Cabibbo-favored decay with a relatively large branching

fraction. Only charged particles are present in the final state: this allows to reconstruction
such the decays with both high efficiency and high purity, resulting in a small statistical
uncertainty on Araw. Also, the D0 daughters have different identities, allowing to infer the D0

flavor without any tagging as long as sufficiently hard particle identification (PID) selections
are used.

To measure the tagging asymmetry, I reconstruct two D0 → Kπ samples: one “tagged” (i.e. I
reconstruct the D∗ → [D0 → Kπ]π chain), and the other “untagged” (i.e. I only reconstruct
D0 → Kπ decays). When I extract the raw asymmetries of these samples in each D0 cos θCM

bin, I get

Atagged
raw ≃ AD0→Kπ

ε +Aprod +AD0→Kπ
CP +Aπ tag

ε , (6.1a)

Auntagged
raw ≃ AD0→Kπ

ε +Aprod +AD0→Kπ
CP , (6.1b)

where AD0→Kπ
ε is the D0 reconstruction asymmetry, Aprod is the production asymmetry,

AD0→Kπ
CP is the D0 → Kπ CP asymmetry (negligible at our sensitivity, since this is a Cabibbo-

favored decay), and Aπ tag
ε is the tagging asymmetry. Assuming that the asymmetries that are

present in both samples are the same in each cos θCM bin, I compute the tagging asymmetry as

Aπ tag
ε = Atagged

raw −Auntagged
raw , (6.2)

and I then subtract these values from the D0 → π+π−π0 raw asymmetries.
My assumptions in this process are that:
• the Aπ tag

ε of the tagged D0 → Kπ sample is the same (in each cos θCM bin) as the Aπ tag
ε

of the D0 → π+π−π0 sample; and
• the AD0→Kπ

ε , Aprod, and AD0→Kπ
CP of the untagged sample are identical to those of the

tagged sample.
For this to be true, the distributions of all variables on which these asymmetries depend must
be the same between the relevant samples. To this end:

• I use the same selection criteria for the tag pion in the signal D0 → π+π−π0 sample and
in the tagged D0 → Kπ sample;

• I use the same selection criteria for all other particles in the tagged and untagged samples;
and

76
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• since the asymmetries also depend on the kinematic of the relevant particles, I equalize
the kinematic distributions of the samples by assigning appropriate weights to the
candidates.

The relevant kinematic variables for the Aπ tag
ε are the pT and cos θ of the tag pion; those for

the AD0→Kπ
ε are the pT and cos θ of the D0 daughters; and that for the Aprod is the cos θCM of

the D0.
In summary, the process takes the following steps, which are repeated for the tagged and

untagged samples.
1. Reconstruct the sample using common selection criteria.
2. Reweight the sample (“original”) to match the “target” sample (tagged must match

signal, untagged must match tagged):
a) obtain signal SWeights with a flavor-agnostic 1D fit;
b) use the SWeights to obtain the signal distributions of the relevant variables of the

two samples (“original” and “target”);
c) use the ratio of the signal distributions to assign weights to the candidates of the

“original” sample (to account for the correlation among the variables, either use the
n-dimensional distribution of the n variables directly, or proceed iteratively on one
variable at a time).

3. Extract the raw asymmetry with a simultaneous 1D fit of the two flavors.

And finally compute the difference between Atagged
raw and Auntagged

raw , taking into account the
correlation between the two samples. All steps are performed independently for each cos θCM

bin: this prevents any correlation among the bins due to the procedure, thus reducing the sys-
tematic effects to consider. The SWeights are the weights computed using the SP lot technique
[80], which is described more in detail later.

The samples used are described in Section 6.1. The reconstruction process and selection
criteria are described in Section 6.2. The composition of the samples and the probability density
functions (PDFs) used for the fits are described in Section 6.3; the same models are used for
both the flavor-agnostic fit that computes the SWeights, and the simultaneous fit of the two
flavors. Finally, Section 6.4 describes the rest of the procedure (SP lots, reweighting, asymmetry
fit, computation of the difference accounting for correlation).

6.1 data and simulated samples

The data and simulated Monte Carlo (MC) samples used for the D0 → Kπ control sample are
the same as for the signal D0 → π+π−π0 sample, described in Section 4.1. The only difference
lies in the physics skim used, which requires:

1. that the event is flagged as “hadronic” at the HLT skim level (at least three tracks with
pT > 200 MeV/c, |d0| < 2 cm, and |z0| < 4 cm, vetoing Bhabha events); and

2. the presence of at least one D0 → h+h′− candidate in the event, where h and h′ are either
pions or kaons in any combination.

The selection criteria for the D0 → h+h′− candidates are reported in Table 6.1. The KID
variable mentioned in the table is the likelihood-based kaon-vs.-pion identification probability
(introduced in Section 2.4.2).
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Variable Selection

Charged particles

dr < 1 cm

|dz| < 3 cm

θ within CDC acceptance (17◦ to 150◦)

πIDNN > 0.1 (for pions)

KID > 0.2 (for kaons)

D0 meson

M between 1.7 MeV/c2 and 2.1 MeV/c2

pCM > 2 GeV/c

Table 6.1: The selection criteria used by the D0 → h+h′− physics skim.

6.2 candidates reconstruction

I reconstruct the tagged and untagged sample at the same time. First, I reconstruct D0 → K−π+

(D0 → K+π−) candidates using track candidates that satisfy the selection criteria listed in
Table 6.2. Then, I further process and select these candidates to build the two samples, as
described in the next paragraphs and summarized in Figure 6.1.

To select candidates for the untagged sample, I first perform a vertex fit using TreeFitter
[78, 79], and constraining the D0 production vertex at the interaction point (IP). This improves
the resolution of the kinematic variables. I only keep candidates whose fit probability (i.e. the
p-value obtained from the χ2 test) is ≤ 10−3, and whose invariant mass is between 1.8 GeV/c2

and 1.92 GeV/c2.
To discard D0 mesons produced in the decay of a B meson (thus ensuring I have a “prompt”

sample), I define the X variable as I do for the signal sample (Equation 4.1)

X =
pCM(D0)

max pCM(D0)
, (6.3)

where I use 2MB instead of
√

s when the latter is below the BB pair production threshold (i.e.,
in off-resonance runs). The only difference is that I am computing this on the D0 meson, rather
than the D∗ meson, so that I can use the same selection in both the untagged and tagged
samples. I then require X to be greater than 1.06 (corresponding to pCM ≳ 2.65 GeV/c in Υ(4S)
runs).

Since the probability of having both a D0 → K−π+ and a D0 → K+π− in the same event is
relatively small (about 1.8% [15]), I keep only one D0 candidate in each event. This candidate
is chosen randomly to avoid any possible bias in Araw that might be different in the tagged
sample.

Finally, I apply some loose selections on the pT and cos θ of the D0 daughters. I introduced
these a posteriori to exclude regions where discrepancies arise between the SWeighted and true
signal distributions; this is discussed more in detail in Section 6.4.3. The D0 candidates thus
selected constitute the untagged sample.
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For the tagged sample, I create D∗ candidates by combining the D0 candidates from before
the vertex fit with a track candidate satisfying the criteria for pions given in Table 6.2, and
with the expected charge sign (D∗+ → D0π+, D∗− → D0π−). Then, I perform a vertex fit of
the whole decay chain using TreeFitter (which assumes the D∗ flight distance to be negligible,
as the decay happens through strong interaction), and I impose the same requirements on
the fit probability, the D0 invariant mass, and X. Additionally, I require ∆M to be between
140 MeV/c2 and 150 MeV/c2. Finally, as for the untagged sample, I keep only one randomly-
chosen candidate per event, and I apply the loose selections on the pT and cos θ of the D0

daughters.

Variable Selection

Charged particles

dr < 0.5 cm

|dz| < 1 cm

θ within CDC acceptance (17◦ to 150◦)

Pions

πIDNN > 0.1 (tag pion)

πIDNN > 0.8 (D0 daughter)

pT > 0.15 GeV/c (D0 daughter)

cos θ > −0.6 (D0 daughter)

Kaons

KID > 0.2 (re-apply skim selection)

KIDNN > 0.8

pT > 0.15 GeV/c

cos θ > −0.75

D0 meson

M between 1.8 GeV/c2 and 1.92 GeV/c2

X > 1.06

TreeFit p-value > 10−3

D∗ meson

∆M between 140 MeV/c2 and 150 MeV/c2

TreeFit p-value > 10−3

Single candidate selection

Untagged sample Choose only one random D0 candidate per event

Tagged sample Choose only one random D∗ candidate per event

Table 6.2: The selection criteria use for D0 → Kπ candidates.
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D0 candidate

Track (π criteria) Track (K criteria)

Vertex fit

p > 10−3

1.8 < M < 1.92
X > 1.06

One random
candidate
per event

cos θ and pT cuts

Untagged sample

Track (tag π criteria & right sign)

D∗ candidate

Vertex fit

p > 10−3

1.8 < M < 1.92
X > 1.06

∆M < 0.15

One random
candidate
per event

cos θ and pT cuts

Tagged sample

Figure 6.1: Schematic of the D0 → Kπ tagged and untagged samples reconstruction.

6.3 sample composition and modeling

In this section I describe the composition of the two samples, and the PDFs that I use to model
signal and background for both the SWeights and Araw extraction.

6.3.1 Untagged sample

The D0 invariant mass distribution is shown in Figure 6.2. This is the variable used in the fits.
The most prominent components are the correctly-reconstructed signal decays, and the purely
combinatorial background candidates.

It is necessary to mention the “wrong-sign” D0 → Kπ decays, i.e. the doubly-Cabibbo-
suppressed D0 → K+π− and D0 → K−π+. Since this sample has no tagging, such candidates
perfectly mimic the signal, and the wrong flavor is always assumed for them. Their fraction
with respect to “right-sign” decays on MC is (0.3795 ± 0.0014)%, compatible with the nominal
value (0.379 ± 0.018)% [15], which results in a negligible dilution of the signal asymmetry, as
discussed in Section 8.6.

Other background components do not present any peaking structure, and can therefore
be considered together with the combinatorial. It is worth mentioning the small number of
candidates where a signal decay is reconstructed with double misidentification of the D0

daughters, i.e. with the kaon swapped with the pion. Also this background always has the
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Figure 6.2: D0 invariant mass distribution of the D0 → Kπ untagged sample. The components shown
are: correctly-reconstructed signal (blue), combinatorial background (pink), wrong-sign
D0 → Kπ decays (purple), D0 → Kℓν decays (gray), D0-to-other decays (yellow), right-
sign D0 → Kπ decays with kaon-pion double misidentification (green), and correctly-
reconstructed signal D0 mesons produced in the decay of a B meson (black). Black point are
for data. The bottom plot is the data/MC ratio.

wrong flavor assumed. However, since it is non-peaking, it is fitted as part of the background
component, so it does not taint the signal asymmetry; also, its abundance with respect to the
signal is well below 0.1%.

Finally, for what concerns the data/MC agreement, there seems to be about 5% more
background on data, and the signal peak has a more prominent right tail. As for the signal
channel, I use an ad-hoc rescaling of the MC components to improve the agreement between
data and MC, so that systematic uncertainties computed on simulation are reliable. The scale
factors for signal and background linearly depend on the D0 invariant mass, and are applied on
a per-candidate basis. Also, I convolve the MC distributions with a 1.6 MeV/c2-wide Gaussian
distribution so that its resolution roughly matches that of data; the convolution is performed
by shifting each candidate by a random number drawn from the aforementioned Gaussian
distribution. Figure 6.3 shows the result: the maximum discrepancy is reduced to about 5%.

sample modeling The PDF model for the untagged sample only includes two components:
signal and combinatorial background. The signal component is modeled by the sum of a
Johnson’s SU distribution and a Gaussian distribution with the same central value µ:

psig(M) = (1 − fG)Johnson(M|µ, λ, γ, δ) + fG · Gauss(M|µ, σG) . (6.4)

The signal component also captures the wrong-sign D0 → Kπ decays. When I fit for asym-
metries, I split the λ and σG width parameters by D0 flavor: this allows the PDF to model
the different mass resolutions for D0 and D0 mesons. Such difference stems mainly from the
different elastic cross sections for the interaction of positive and negative kaons with nuclei:
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Figure 6.3: D0 invariant mass distribution of the D0 → Kπ untagged sample after applying the ad-hoc
MC rescaling.

this results in different multiple scattering contributions, especially at low momentum, which
in turn produces different momentum and angle resolutions.

The background component is modeled by a 1
st-degree polynomial (normalized to one in

the considered range):
pbkg(M|p1) = 1 + p1 · M . (6.5)

All parameters are always left floating. The total PDF is defined as

p(M) = nsig · psig(M) + nbkg · pbkg(M) . (6.6)

In the fit for the asymmetry extraction (simultaneous fit of the two flavors), the parameters are
shared between the two flavors (the same shapes are assumed for D0 and D0 mesons), except
for nsig and nbkg; in this case nsig and nsig are defined as a function of the total signal yield nsig

tot

and the raw asymmetry Auntagged
raw , as shown in Equation 5.6 for the signal channel.

6.3.2 Tagged sample

The ∆M distribution is shown in Figure 6.4. This is the variable used in the fits. The most promi-
nent components are the correctly-reconstructed signal decays, and the purely combinatorial
background candidates, which are only about 5% of the total.

The only peaking background component is made of D0 → Kℓν decays where the lepton is
misidentified as a pion. These present a distorted peak in the ∆M distribution, similarly to the
D0 → Kππ0 component of the D0 → π+π−π0 sample. Since the abundance of this component
is only (0.351 ± 0.003)% of the signal component, I neglect it. Even if the asymmetry of this
component was ±100% (which is far from reality), its effect on Atagged

raw would still be just as
small as for the wrong-sign decays in the untagged sample.

All other background components are non-peaking, and can therefore be considered together
with the combinatorial. It is worth mentioning that the wrong-sign decays are non-peaking
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Figure 6.4: ∆M distribution of the D0 → Kπ tagged sample. The components shown are: correctly-
reconstructed signal (blue), combinatorial background (pink), D0 → Kℓν decays (gray),
random-pion background (red), D0-to-other decays (yellow), wrong-sign D0 → Kπ decays
(purple), right-sign D0 → Kπ decays with kaon-pion double misidentification (green), and
correctly-reconstructed signal D0 mesons produced in the decay of a B meson (black). Black
point are for data. The bottom plot is the data/MC ratio.

in ∆M because they can only be combined with a random tag pion, since I am looking for
a pion with the wrong charge because I assumed the wrong flavor; this also contributes to
suppressing the component. Also the component with swapped D0 daughters is suppressed
by the same principle.

Finally, for what concerns the data/MC agreement, the background seems to have larger
slope in data, and the signal peak has a more prominent right tail, as for the untagged sample.
Also, the abundance of signal is about 20% smaller on data with respect to MC, probably
because of incorrect D∗ fragmentation inputs to the generator as for the signal channel. As
for the signal channel and untagged sample, I use an ad-hoc rescaling of the MC components
to improve the agreement between data and MC, so that systematic uncertainties computed
on simulation are reliable. The scale factors for signal and background linearly depend on
∆M, and are applied on a per-candidate basis. Also, I convolve the MC distributions with a
50 keV/c2-wide Gaussian distribution so that its resolution roughly matches that of data; the
convolution is performed by shifting each candidate by a random number drawn from the
aforementioned Gaussian distribution. Figure 6.5 shows the result: the maximum discrepancy
is reduced to about 5% in the signal peak, and about 20% in the background-dominated tails,
which make up anyway a very small fraction of the sample and thus have little impact on the
measurement.

sample modeling The PDF model for the tagged sample only includes two components:
signal and combinatorial background. The signal component is modeled by the sum of a
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Figure 6.5: ∆M distribution of the D0 → Kπ tagged sample after applying the ad-hoc MC rescaling.

Johnson’s SU distribution and two Gaussian distributions; the firs two share the same central
value µ:

psig(∆M) = (1 − f1 − f2)Johnson(∆M|µ, λ, γ, δ) + f1 · Gauss(∆M|µ, σ1) (6.7a)

+ f2 · Gauss(∆M|µ2, σ2) . (6.7b)

As for the untagged sample, I split the λ and σG width parameters by D0 flavor when I fit
for asymmetries, so that the PDF may account for the different ∆M resolutions for D0 and D0

mesons.
The background component is modeled by a threshold-like function:

pbkg(∆M|x0, p1) =


√

∆M − x0 + p1(∆M − x0) ∆M > x0

0 ∆M ≤ x0

. (6.8)

All parameters are always left floating, except for x0 which is fixed to the nominal mass of
the charged pion, 139.57 MeV/c2 [15]. The total PDF is defined as

p(∆M) = nsig · psig(∆M) + nbkg · pbkg(∆M) . (6.9)

In the fit for the asymmetry extraction (simultaneous fit of the two flavors), the parameters are
shared between the two flavors (the same shapes are assumed for D0 and D0 mesons), except
for nsig and nbkg; in this case nsig and nsig are defined as a function of the total signal yield nsig

tot

and the raw asymmetry Atagged
raw , as shown in Equation 5.6 for the signal channel.

6.4 correction extraction

In this section I describe in detail the steps I take to measure Aπ tag
ε . In those figures where

comparison with the true distributions is relevant, I show results on the MC samples (1712 fb−1,
four times the data). Otherwise, I show the results on data.
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First, I discuss the procedure on the tagged sample (Section 6.4.1 and Section 6.4.2). Then,
I move on to the untagged sample (Section 6.4.3 and Section 6.4.4) focusing mainly on the
differences with respect to the tagged sample. And finally, I explain how I take into account
the correlation between the two samples when computing the uncertainty on the Aπ tag

ε

(Section 6.4.5).

6.4.1 Kinematic equalization of the tagged sample

The purpose of kinematic equalization, introduced at the beginning of this Chapter, is to make
sure that the Aπ tag

ε of the tagged sample is equal to that of the D0 → π+π−π0 sample. This is
achieved by reweighting the tagged sample (“original” sample) so that the 2D distribution of
pT and cos θ of the tag pion (on which the Aπ tag

ε depends) matched that of the D0 → π+π−π0

sample (“target” sample).
Because I need the Aπ tag

ε of the signal components to be the same in the two samples, the
weights must be computed on the distributions of the signal components only. The first step is
therefore to compute the background-subtracted distributions of the two variables of interest
in both the original and the target sample. Since I need to use the procedure on data, I must
do this without truth information. This is accomplished using the SP lot technique [80].

The SP lot technique uses a fit with multiple components to define per-candidate weights,
dubbed SWeights. With these SWeights, one can fill an histogram with the whole sample, and
obtain the histogram of the distribution of one specific component. This works as long as the
variables whose distribution is sought are independent of the fit variable(s).

The PDFs used for the SP lot fits are the same used for the asymmetry extraction: the one
described in Section 6.3.2 for the tagged sample, and the 2D PDF described in Chapter 5 for the
D0 → π+π−π0 sample. Note that SP lot fit for the signal channel is performed independently
for each cos θCM bin, as is done for the D0 → Kπ samples, in order to avoid correlations among
the Aπ tag

ε measured in the single bins. Also note that these whole procedure is flavor-agnostic,
i.e. performed without distinguishing D0 from D0 candidates.

Figure 6.6 shows the fit on the tagged data sample (all cos θCM bins projected together),
while Figure 6.7 compares the SWeighted distributions to the true ones on the MC tagged
sample, proving the effectiveness of this technique. Figure 6.8 and Figure 6.9 shows the same
for the D0 → π+π−π0 sample.

Weights for the asymmetry extraction of the original (tagged sample) distribution are
computed by filling the SWeighted 2D histograms of the tag pion pT and cos θ, and computing
the bin-by-bin ratio of these histograms. For each variable, 50 bins are used, resulting in an
uncertainty of ∼ 3% for the weight of each bin. The bin edges are chosen so that the 1D bins
are equally populated for the target (D0 → π+π−π0) sample. The histogram is then smoothed
using a 2D Gaussian filter, and the weights are assigned to each candidate depending on the
bin that it falls into.

The results of the reweighting procedure are shown in Figure 6.10 and Figure 6.11. Some
discrepancies are present in the least-populated regions of the distributions; nevertheless,
systematic effects due to the imperfect reweighting are evaluated in Section 8.5.
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Figure 6.6: SP lot fit of the tagged D0 → Kπ sample on data. All cos θCM bins are projected together.
The bottom plot shows the pulls.
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Figure 6.7: Comparison of the whole sample, true signal, and SWeighted distributions of the seven
tagged sample variables used in the kinematic equalizations, on MC, for bin 4, i.e. cos θCM
between −0.208 and 0. The bottom plot shows the ratio between true and SWeighted
distributions, which should match.
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Figure 6.8: SP lot fit of the D0 → π+π−π0 sample, on data, for bin 4, i.e. cos θCM between −0.208 and 0.
The bottom plot shows the pulls.
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Figure 6.9: Comparison of the whole sample, true signal, and SWeighted distributions of the two
D0 → π+π−π0 sample variables used in the kinematic equalization, on MC, for bin 4, i.e.
cos θCM between −0.208 and 0. The bottom plot shows the ratio between true and SWeighted
distributions, which should match.
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Figure 6.10: Weights for the tagged D0 → Kπ sample as a function of the pT and cos θ of the tag pion,
on MC, for bin 4, i.e. cos θCM between −0.208 and 0.
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Figure 6.11: Comparison of the original (red empty points) and reweighted (blue filled points) tagged
sample distributions to the true signal D0 → π+π−π0 distributions (black line), for the
reweighting variables, on MC, for bin 4, i.e. cos θCM between −0.208 and 0. The bottom
plots show the ratios to the D0 → π+π−π0 distributions.
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6.4.2 Asymmetry extraction in the tagged sample

The Atagged
raw is extracted by a simultaneous fit of the reweighted D0 and D0 samples, using the

same PDF as the SP lot fit, as anticipated in Section 6.3.2. Again, all parameters are left floating.
Figure 6.12 shows the results on data. The Atagged

raw extracted as a function of the cos θCM bin
roughly follows the pattern expected from MC. Numerical results and plots for each cos θCM

bin can be found in Table C.1 and Section C.2.
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Figure 6.12: Asymmetry fit of the tagged D0 → Kπ sample on data. All cos θCM bins and both flavors
are projected together. The bottom plot shows the pulls.

6.4.3 Kinematic equalization of the untagged sample

In this case, the purpose of the kinematic equalization is to make sure that the AD0→Kπ
ε

and Aprod of the untagged sample (“original” sample) are the same as those of the already-
reweighted tagged sample. These two asymmetries depend on five variables in total: the pT

and cos θ of the D0 daughters (AD0→Kπ
ε ), and the cos θCM of the D0 (Aprod).

The SP lot procedure is the same as for the tagged sample. Figure 6.13 shows the flavor-
agnostic fit on data. Figure 6.14 compares the SWeighted distributions to the true ones on
the MC tagged sample. Because the untagged sample has a much larger background than
the tagged sample, the difference between full and SWeighted distributions is much more
evident. Some residual discrepancies can be noticed between these. The largest discrepancies
arise at very low cos θ and transverse momentum of the D0 daughters: the bulk of these
discrepancies was actually already excluded by introducing selections in these variables, as
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mentioned in Section 6.2. As the remaining discrepancies may affect the reweighting and,
thus, the measurement, systematic effects due to the imperfect reweighting are evaluated in
Section 8.5.
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Figure 6.13: SP lot fit of the untagged D0 → Kπ sample on data. All cos θCM bins are projected together.
The bottom plot shows the pulls.

Since the available statistics is insufficient to fill a 5D histogram with fine enough binning,
the weight computation procedure is different from the one used for the tagged sample. I
fill SWeighted 1D histograms of one variable at a time, compute the bin-by-bin ratio of these
histograms, and assign weights to the original (untagged) sample candidates. When I move on
to the following variable, I use the product of the SWeights and the weights I just computed
for filling the histogram, and I use the ratio of the histograms to update the weights (i.e. I
compute the product of the weights from the previous step, and those of the current step).
Once I compute the weights for the last variable, I start over from the first, and continue until
the procedure converges (i.e. the weights change by less than their statistical uncertainty).

For each variable, I use 100 bins. The bin edges are chosen so that the 1D bins are equally
populated for the target (tagged) sample. In the end, this results in weight uncertainties of
∼ 3%.

The results of the reweighting procedure are shown in Figure 6.15 and Figure 6.16. The
differences in distributions between tagged and untagged samples are much larger than
those between tagged and D0 → π+π−π0 samples: this is because of the impact of the
D∗ reconstruction efficiency on the kinematic distributions. Some discrepancies are present:
systematic effects due to the imperfect reweighting are evaluated in Section 8.5.
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Figure 6.14: Comparison of the whole sample, true signal, and SWeighted distributions of the five
untagged sample variables used in the kinematic equalization, on MC, for bin 4, i.e. cos θCM
between −0.208 and 0. The bottom plot shows the ratio between true and SWeighted
distributions, which should match.
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Figure 6.15: Weights distribution for the untagged D0 → Kπ sample, on MC, for bin 4, i.e. cos θCM
between −0.208 and 0.
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Figure 6.16: Comparison of the original (red empty points) and reweighted (blue filled points) untagged
sample distributions to the true signal tagged sample distributions (black line), for the
reweighting variables, on MC, for bin 4, i.e. cos θCM between −0.208 and 0. The bottom
plots show the ratios to the tagged sample distributions.
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6.4.4 Asymmetry extraction in the untagged sample

The Auntagged
raw is extracted by a simultaneous fit of the reweighted D0 and D0 samples, using

the same PDF as the SP lot fit, as for the tagged sample. Again, all parameters are left floating.
Figure 6.17 shows the results on data. The Auntagged

raw extracted as a function of the cos θCM bin
roughly follows the pattern expected from MC. Numerical results and plots for all bins can be
found in Table C.1 and Section C.3.
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(b) Resulting asymmetries.

Figure 6.17: Asymmetry fit of the untagged D0 → Kπ sample on data. All cos θCM bins and both flavors
are projected together. The bottom plot shows the pulls.

6.4.5 Correction computation

I computed the Aπ tag
ε simply as the difference Atagged

raw −Auntagged
raw in each cos θCM bin. However,

to correctly compute its statistical uncertainty, I must take into account the correlation between
the tagged and untagged samples. All D0 candidates that appear in the untagged sample also
appear in the tagged sample, except for a small fraction of the events in which the single
candidate selection chooses two different candidates in the two samples. The overlap between
the two samples in quantified in Table 6.3.

In the following, I neglect the ∼ 1.5% of the candidates that only appear in the tagged
sample, i.e. I assumed that the signal candidates of the tagged sample are a subset of those of
the untagged sample. Using a lighter notation, let:

• no be the number of signal D0s that appear only in the untagged sample;
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Signal D0 candidates in the samples Common fraction

Tagged Untagged Both Tagged sample Untagged sample

D0 2.270 × 106 8.749 × 106 2.231 × 106 98.3% 25.5%

D0 2.282 × 106 8.901 × 106 2.243 × 106 98.3% 25.2%

Total 4.554 × 106 17.66 × 106 4.486 × 106 98.5% 25.4%

Table 6.3: Overlap between the tagged and untagged D0 → Kπ samples on MC.

• no be the number of signal D0s that appear only in the untagged sample;
• to = no + no be the total signal candidates only in the untagged sample;
• Ao =

no−no
no+no

be the asymmetry of the candidates that are only in the untagged sample;
and nt, nt, tt, and At be the corresponding quantities for the tagged sample, i.e. for the
candidates that appear in both samples.

The asymmetry I measure on the untagged sample Au stems both from the candidates that
appear only in the untagged sample (no and no) and from the candidates that appear in both
(nt and nt). Therefore

Au =
nt + no − nt − no

nt + no + nt + no
=

tt

tt + to
At +

to

tt + to
Ao . (6.10)

The variance of Aπ = At −Au is

Var(Aπ) = Var(Au) + Var(At)− 2 Cov(Au,At) . (6.11)

The variances of Au and At are the statistical uncertainties on Araw estimated by the fits, so I
only need to compute the covariance:

Cov(Au,At) = Cov(
tt

tt + to
At,At) + Cov(

to

tt + to
Ao,At) . (6.12)

The second term cancels since Ao is independent from At (they are the asymmetries of
two non-overlapping subsets of the untagged sample), and At is independent from tt (see
Section A.4). Therefore

Cov(Au,At) = E
[

ttA2
t

tt + to

]
− E

[
ttAt

tt + to

]
E[At] (6.13a)

= E
[

tt

tt + to

] (
E[A2

t ]− E2[At]
)
= E

[
tt

tt + to

]
Var(At) , (6.13b)

and so I estimate the statistical uncertainty on Aπ tag
ε as the square root of (going back to the

original notation)

Var(Aπ tag
ε ) ≃ Var(Auntagged

raw ) +

1 − 2
nsig

tot,tagged

nsig
tot,untagged

Var(Atagged
raw ) . (6.14)

Figure 6.18 shows the Aπ tag
ε and its uncertainty thus computed as a function of the cos θCM

bin, for both data and MC. Numerical results are reported in Table 6.4.
The Aπ tag

ε on data roughly follows the pattern expected found on MC, but its magnitude is
about two times larger. This is compatible with the findings of previous Belle II analyses, and is
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probably due to overly optimistic resolutions on simulation allowing a better reconstruction of
low momentum tracks than what happens on real data. Since the final correction is estimated
on data, the discrepancy with MC has no impact on the measurement.
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(b) Data.

Figure 6.18: Tag pion asymmetry as a function of the cos θCM bin for the MC and data samples. The red
points in the MC plot are the true asymmetries.

cos θCM bin
Tag pion asymmetries [%]

MC (true) MC (fit) Data

1 [−0.7,−0.599) 0.29 ± 0.25 0.52 ± 0.29 0.8 ± 0.6

2 [−0.599,−0.411) 1.00 ± 0.15 0.85 ± 0.17 2.54 ± 0.33

3 [−0.411,−0.208) 2.33 ± 0.14 2.27 ± 0.15 4.38 ± 0.31

4 [−0.208, 0) 1.99 ± 0.14 1.90 ± 0.15 3.68 ± 0.32

5 [0, 0.208) 0.84 ± 0.14 0.81 ± 0.15 1.27 ± 0.31

6 [0.208, 0.411) 0.05 ± 0.13 −0.01 ± 0.15 0.28 ± 0.30

7 [0.411, 0.599) −0.37 ± 0.13 −0.61 ± 0.14 0.34 ± 0.29

8 [0.599, 0.7) −0.13 ± 0.16 −0.14 ± 0.20 −0.4 ± 0.4

Table 6.4: Tag pion asymmetry in the simulated and data samples.



7
results

In this chapter I show the final CP asymmetry measurement on simulation and data. Summa-
rizing, this measurement is obtained by:

1. measuring the raw asymmetry Araw of D0 → π+π−π0 in each cos θCM bin, as described
in Chapter 5;

2. measuring the tagging-induced asymmetry Aπ tag
ε from the D0 → Kπ control channel in

each cos θCM bin, as described in Chapter 6;
3. subtracting the Aπ tag

ε from the signal channel Araw bin by bin;
4. “folding” the corrected asymmetries, i.e. computing the arithmetic average of the asym-

metries in each symmetric pair of cos θCM bins; and
5. fitting the CP asymmetry measurements (averages) thus obtained with a constant function

to obtain the final result.
I first show the results on Monte Carlo (MC) where the generated asymmetry is known to be
zero (Section 7.1), then show the results on data (Section 7.2). Finally, I present the consistency
checks I perform to validate my results (Section 7.3).

7.1 final CP asymmetry measurement on simulation

Figure 7.1 summarizes the results from the signal D0 → π+π−π0 channel and the D0 → Kπ

control channel, and shows the final ACP measurement. The four arithmetic means from the
folding (Figure 7.1d, which are all ACP measurements themselves) are compatible with each
other: this acts as a consistency check.

The final measurement, obtained by fitting the means with a constant, is ACP = (0.22 ±
0.14)%, where the uncertainty is statistical and includes both the contribution from the
D0 → π+π−π0 sample and from the control samples. Correlations among the signal Araw

measurements are neglected because the fit estimates them to be compatible with zero; those
among the Aπ tag

ε measurements are zero by construction, as each cos θCM bin is treated
independently of the others.

The final measurement is compatible with zero, the ACP value assumed by the generator of
the simulation. This acts as a second consistency check for the ACP extraction strategy.

7.2 final CP asymmetry measurement on data

Figure 7.2 summarizes the results from the signal D0 → π+π−π0 channel and the D0 → Kπ

control channel, and shows the final ACP measurement.
The four arithmetic means from the folding (Figure 7.2d, which are all ACP measurements

themselves) are compatible with each other: this acts as a consistency check. The final result
(not yet approved by the Belle II collaboration) is ACP = (0.29 ± 0.27)%, where the uncertainty
is statistical and is the quadrature sum of the uncertainty from the signal raw asymmetry

97
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(a) Raw signal asymmetries in percent.
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(b) Tagging asymmetry from D0 → Kπ.
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(c) Aπ tag
ε -corrected signal asymmetry.
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(d) Folded signal asymmetry, i.e. ACP. The uncertainty
is statistical and includes the contribution from the
control samples.

Figure 7.1: CP asymmetry results on simulation (1712 fb−1). The red points show the true asymmetries.
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(a) Raw signal asymmetries in percent.
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(b) Tagging asymmetry from D0 → Kπ.
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(c) Aπ tag
ε -corrected signal asymmetry.

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
D0 cos CM

1.0

0.5

0.0

0.5

1.0

1.5

2.0

CP
 [%

]

ACP = (0.29 ± 0.27)%

Own work

(d) Folded signal asymmetry, i.e. ACP. The uncertainty
is statistical and includes the contribution from the
control samples.

Figure 7.2: CP asymmetry results on data (428 fb−1).
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fit (0.25%) and the Aπ tag
ε uncertainty computed as described in Section 6.4.5 (0.12%). The

uncertainty is about twice as large as that on MC, as expected (the MC sample is four times
larger).

7.3 validation and cross checks

In this section I describe the checks I perform to validate my results and ensure their internal
consistency. All these checks are performed before the box opening.

In Section 7.3.1, I verify the assumptions behind the “folding” method for correcting the
Aprod. In Section 7.3.2 and Section 7.3.3 I check the effect of my specific choices of cos θCM

binning and fit models by testing alternatives. Finally, in Section 7.3.4, I split my data sample
in several parts with criteria that may induce a bias on ACP and verify the consistency of the
results on the single parts.

7.3.1 Production asymmetry correction

The assumptions behind the “folding” methods were presented in Section 3.3. In summary, I
need the opposite Aprod contributions in the bins of each symmetric pair. To achieve this, I
built cos θCM bins narrow enough that the reconstruction efficiency is approximately constant
within each bin. The reconstruction efficiency on MC as a function of cos θCM is shown in
Figure 5.1b, and reported again in Figure 7.3 in a “folded” plot.
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Figure 7.3: Reconstruction efficiency of the signal D0 → π+π−π0 decays on MC, as a function of
|cos θCM| , split by positive (blue) and negative (red) cos θCM.

The efficiency is clearly not constant within all bins. However, the requirement of opposite
Aprod contributions in bins of a pair can be expanded to the next order in the following way:

• the efficiency within each bin is approximately linear; and
• the average |cos θCM| of the signal candidates in the bins of a pair is the same.

I assume that the first condition is verified. For what concerns the second condition, Figure 7.4
shows the difference in average |cos θCM| between the two bins of each symmetric pair. The
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largest difference occurs in the central bins (4 and 5, i.e. around cos θCM = 0), and amounts to
(2.6 ± 0.2)× 10−3.
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Figure 7.4: Difference between the average |cos θCM| of the signal candidates in each symmetric pair of
bins.

To evaluate the impact of this difference, we take the slope of Aprod(cos θCM) from Equa-
tion 3.7. Knowing that this formula underestimates the production asymmetry on data, we
take the maximum slope, which occurs at cos θCM = 0 and amounts to ∼ 2.3% per unit of
cos θCM. This results in a bias on ACP of 0.006%. Being two orders of magnitude below my
statistical uncertainty, this effect is completely negligible.

7.3.2 Choice of cos θCM binning

To verify that the specific choice of cos θCM binning does not impact the ACP measurement,
I repeat the whole procedure with five alternative binnings. These are reported in Table 7.1,
and graphically shown in Figure 7.5. The first alternative binning (number 0) has fourteen
equally-spaced bins instead of eight, while the others have eight bins with different choices of
edges.

Nominal 1 2 3 4 5 6 7 8

Alt. 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Alt. 1 1 2 3 4 5 6 7 8

Alt. 2 1 2 3 4 5 6 7 8

Alt. 3 1 2 3 4 5 6 7 8

Alt. 4 1 2 3 4 5 6 7 8

cos θCM 0.0−0.7 0.7

Figure 7.5: The alternative cos θCM binnings chosen to test the impact of the binning choice on the ACP
measurement, compared to the nominal binning.

Figure 7.6 reports the ACP measurements resulting for the various alternative binnings,
compared to the nominal results. The uncertainties in the figure are computed as the difference
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Bin num. Nominal
Alternatives

0 1 2 3 4

Bin 1

−0.7 −0.7 −0.7 −0.7 −0.7 −0.7

Bin 2

−0.599 −0.6 −0.55 −0.5 −0.6 −0.525

Bin 3

−0.411 −0.5 −0.4 −0.4 −0.4 −0.35

Bin 4

−0.208 −0.4 −0.15 −0.1 −0.2 −0.175

Bin 5

0 −0.3 0 0 0 0

Bin 6

0.208 −0.2 0.15 0.1 0.2 0.175

Bin 7

0.411 −0.1 0.4 0.3 0.4 0.35

Bin 8

0.599 0 0.55 0.5 0.6 0.525

Bin 9

0.7 0.1 0.7 0.7 0.7 0.7

Bin 10

– 0.2 – – – –

Bin 11

– 0.3 – – – –

Bin 12

– 0.4 – – – –

Bin 13

– 0.5 – – – –

Bin 14

– 0.6 – – – –

– 0.7 – – – –

Table 7.1: The alternative cos θCM binnings chosen to test the impact of the binning choice on the ACP
measurement, compared to the nominal binning.
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in quadrature between the uncertainties of the alternative and nominal measurements: this is
because the measurements are completely correlated (they are performed on the same sample).
The alternative binning results are all compatible with the nominal one.
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Figure 7.6: ACP measurements with the alternative binnings (on data, closed-box) compared to the
nominal result. The error bars show the difference in quadrature between the uncertainty of
the result with alternative binning, and that with the nominal binning.

7.3.3 Choice of fit models

To estimate the impact of the specific choice of fit models on the ACP measurement, I repeat
the D0 → π+π−π0 fit on data with the following modifications.

• Splitting all parameters by cos θCM bin, instead of using shared parameters; the central
value µ of the D0 invariant mass probability density function (PDF) of the D0 → Kππ0

component is an exception, as the component is too small for the fit to determine this
value separately in each bin.

• Splitting the following parameters by D0 flavor, one at a time:
– δ, γ, λ and µ of the signal ∆M PDF;
– δ, γ, λ and µ of the signal D0 invariant mass PDF;
– p0 and p1 of the combinatorial ∆M PDF; and
– p1 and p2 of the combinatorial D0 invariant mass PDF.

• Using the following alternative PDFs for some components:
– a Crystal Ball PDF for both the ∆M and D0 invariant mass distributions of the signal

component, with the shape parameters fixed from the fit to the signal component
alone on MC;

– a RooDstD0Bg PDF (defined in Section A.3) for the ∆M distribution of the combina-
torial component, with x0 fixed from the fir to the combinatorial component alone
on MC; and
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– a Johnson SU PDF with λ = a(M − M0)2 + c (where M is the D0 invariant mass) for
the ∆M distribution of the D0 → Kππ0 component, with γ, δ, a, c and M0 fixed
from the fit to the D0 → Kππ0 component alone on MC.

Additionally, I repeat the Aπ tag
ε measurement procedure splitting the γ and λ parameters of

the signal component’s Johnson SU by D0 flavor (one at a time, for both tagged and untagged
samples).

The results from these tests are reported in Table 7.2. All are compatible with zero within
∼ 2 standard deviations; said standard deviations are computed as the difference in quadra-
ture between the alternative and nominal results uncertainties, since the measurements are
completely correlated (they are done on the same sample).

Modification ∆ACP [%]

Signal channel fit

Split all parameters by cos θCM bin 0.00 ± 0.09

Split δ (signal ∆M) by flavor −0.44 ± 0.17

Split γ (signal ∆M) by flavor 0.014 ± 0.007

Split λ (signal ∆M) by flavor −0.24 ± 0.10

Split µ (signal ∆M) by flavor 0.00 ± 0.02

Split δ (signal M) by flavor 0.15 ± 0.20

Split γ (signal M) by flavor 0.03 ± 0.03

Split λ (signal M) by flavor 0.19 ± 0.09

Split µ (signal M) by flavor 0.002 ± 0.003

Split p0 (combinatorial ∆M) by flavor 0.04 ± 0.02

Split p1 (combinatorial ∆M) by flavor −0.002 ± 0.002

Split p1 (combinatorial M) by flavor 0.00 ± 0.01

Split p2 (combinatorial M) by flavor 0.16 ± 0.12

Fit with alternative PDFs −0.02 ± 0.05

Control channel fits

Split γ by flavor −0.03 ± 0.03

Split λ by flavor 0.15 ± 0.09

Table 7.2: Change in the measured ACP due to the use of modified fit models.

7.3.4 Asymmetry consistency in portions of the dataset that may bias the ACP

In this section I repeat the whole ACP measurement independently in subsets of the data
sample based on criteria that may induce a bias in the ACP measurement, and verify that:

• the measurements are compatible with each other; and
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• the mean of the measurements, obtained by fitting them with a constant function, is
compatible with the nominal measurement.

splitting by azimuthal angle Different detector sensors are crossed by particles that
travel towards different azimuthal angles ϕ: while detector effects are known to have very
small dependence on this, ϕ-dependent biases can not be excluded a priori.

I split my sample based on the laboratory-frame ϕ angle of the D0 meson, placing my edges
at −0.57π, −0.07π, 0.43π, and 0.93π. These edges are chosen so that they occur at the overlap
between the ladders of the innermost PXD layer, as shown in Figure 7.7.

Bin
2

Bin
3

Bin
4

Bin
1

x

y

Figure 7.7: The ϕ bins for the consistency check overlaid on a schematic view of PXD.

Figure 7.8 compares the resulting ACP measurements with the nominal one. I find no
deviation.

splitting by data-taking periods The detector condition changes over time. This
could, in principle, bias the ACP measurement.

I split my sample in five data-taking periods:
0. from 2019 (the beginning of the data-taking) to the end of 2020;
1. from January to June 2021;
2. from October to December 2021;
3. from January to April 2022; and
4. from May to June 2022 (the beginning of long shutdown 1).

These subsamples have roughly the same population.
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Figure 7.8: ACP results in the four ϕ bins. The values for the four bins are fitted with a constant function
(red band and dashed line), which can then be compared to the ACP from the nominal fit
(blue point with error bar).

Figure 7.9 compares the resulting ACP measurements with the nominal one. I find no
deviation.
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Figure 7.9: ACP results in the five data-taking periods. The values for the five bins are fitted with a
constant function (red band and dashed line), which can then be compared to the ACP from
the nominal fit (blue point with error bar).



8
systematic uncertainties evaluation

In this chapter I discuss the various sources of systematic uncertainty that I consider. These are
summarized in Table 8.1 and described in the following sections. All systematic uncertainties
are estimated before the box opening.

Source Uncertainty

Signal channel

D0 reconstruction asymmetry 0.06%

Fit parameters fixed from MC 0.02%

Fit biases 0.06%

Residual mismodeling 0.03%

Control channel

Fit biases 0.04%

Residual mismodeling 0.07%

Reweighting 0.03%

Wrong-sign D0 → Kπ decays 0.01%

Total systematic 0.13%

Statistical

Signal channel 0.25%

Control channel 0.12%

Total statistical 0.27%

Table 8.1: Summary of the systematic uncertainties affecting the ACP measurement. The total systematic
uncertainty is the quadrature sum of the individual components, and the statistical uncertainty
is reported for reference.

8.1 D0
reconstruction asymmetry

As introduced in Section 3.2.1, the asymmetry induced by the reconstruction of the D0

daughters is small enough that I can neglect it, and treat it as a systematic uncertainty. I
estimate it on Monte Carlo (MC) in the following way.

1. I consider all the generated signal decay chains, i.e. prompt D∗ → [D0 → π+π−π0]π

decays. I compute their asymmetry, which corresponds to the production asymmetry
Aprod.

2. Out of all the generated signal decay chains, I consider only those for which the D0

daughters have been correctly reconstructed, surviving my selection criteria. Note that

107
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this is a requirement on the single pions: I do not require the whole decay chain to be
ever reconstructed. I compute also the asymmetries of these generated decay chains,
which contains both the Aprod and the D0 reconstruction asymmetry.

3. I subtract the former asymmetry (Aprod) from the latter (Aprod +AD0

ε ), leaving only the
D0 reconstruction asymmetry.

I do this independently in each cos θCM bin, then compute the average to estimate the impact
on ACP. This is shown in Figure 8.1. Numerical results are reported in Table 8.2.
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Figure 8.1: D0 reconstruction asymmetry as a function of the cos θCM bin on MC (1712 fb−1). The plot
extends beyond the signal fit range |cos θCM| ≤ 0.7, but only the asymmetries within this
range are considered in the fit.

cos θCM bin
Asymmetries [%]

Production D0 total D0 reconstruction

1 0.97 ± 0.12 1.20 ± 0.21 0.23 ± 0.21

2 0.81 ± 0.09 0.85 ± 0.16 0.04 ± 0.16

3 0.82 ± 0.10 0.81 ± 0.15 −0.02 ± 0.15

4 0.16 ± 0.10 0.57 ± 0.15 0.41 ± 0.15

5 −0.25 ± 0.10 −0.35 ± 0.15 −0.11 ± 0.15

6 −0.71 ± 0.10 −0.75 ± 0.15 −0.03 ± 0.15

7 −0.81 ± 0.09 −0.78 ± 0.15 0.03 ± 0.15

8 −0.94 ± 0.12 −0.74 ± 0.20 0.20 ± 0.20

Table 8.2: Production asymmetry (step 1), total D0 asymmetry (step 2), and D0 reconstruction asymme-
try (step 3) computed on simulation for each cos θCM bin.

As the asymmetry is compatible with zero in each bin, I fit them with a constant function to
verify this hypothesis. The result, (0.08 ± 0.06)%, is compatible with zero; also, the values in
each bin are compatible with a constant function (χ2 = 8 with 7 degrees of freedom).
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Since this is estimated on MC, as an additional check, I compare the pT distributions of
the charged pions between MC and data (these are the variables the show the largest D0–D0

difference, as shown in Figure 3.1). This is shown in Figure 8.2.
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Figure 8.2: Data/MC comparison of the pT distributions of the charged D0 daughters.

Since there are statistically significant data/MC differences, I repeat the asymmetry measure-
ment after reweighting the MC sample to match these distributions. The result is (0.10± 0.06)%,
again compatible with zero. Therefore, I assign a systematic uncertainty of 0.06% from this
contribution.

8.2 fit parameters fixed from simulation

Many parameters of the signal channel fit are fixed to the values found on MC. To evaluate the
impact of this choice on the ACP measurement, I repeat the measurement on data a number of
times while varying the parameters by Gaussian shifts. Then, I compute the standard deviation
of the ACP residuals (i.e. the differences between measurements with parameter variations and
nominal measurement), and assign it as systematic uncertainty.

I do this separately for four groups of parameters.
1. The random-pion component fraction: for this, I repeat the measurement 100 times,

assume no correlation among the cos θCM bins, and use 25% of the fraction values as
standard deviations of the Gaussian shifts. The standard deviation of the residuals
distribution is (0.0034 ± 0.0002)%.

2. The random-pion component raw asymmetry: for this, I repeat the measurement 100

times and assume no correlation among the cos θCM bins, but I use the statistical uncer-
tainties from MC as standard deviations of the Gaussian shifts. The standard deviation of
the residuals distribution is (0.0022 ± 0.0002)%.
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3. The mis-reconstructed signal component fraction: for this, I repeat the measurement 100

times, assume no correlation among the cos θCM bins, and use 25% of the fraction values
as standard deviations of the Gaussian shifts. The standard deviation of the residuals
distribution is (0.0122 ± 0.0009)%.

4. The 58 remaining parameters determined by fitting the single components alone on
MC: for these, I repeat the measurement 2000 times, use the uncertainties from the fits
as standard deviations of the Gaussian shifts, and take the correlations estimated by
the fits into account when drawing the shifts. The standard deviation of the residuals
distribution is (0.0139 ± 0.0002)%.

The distributions of the ACP residuals are shown in Figure 8.3. The choice to vary the random-
pion and mis-reconstructed signal fractions by 25% is rather conservative, and is derived from
the 20% disagreement between data and MC signal abundance before the reweighting.
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Figure 8.3: ACP residual distributions for the variations of the fixed signal fit parameters.

The combined systematic uncertainty from all parameters determined on simulation, which
I compute as the quadrature sum of the four aforementioned standard deviations, is (0.0189 ±
0.0006)%.
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8.3 fit biases and non-linearities

To check for possible biases in the fits themselves, I perform linearity tests based un pseudoex-
periments. I treat the signal D0 → π+π−π0 sample, tagged D0 → Kπ sample, and untagged
D0 → Kπ sample separately and independently from each other. I produce the pseudoexperi-
ments from the probability density function (PDF) used for the fit, with the parameters set to
the values obtained when fitting the data. I draw the number of candidates to generate for
each component and D0 flavor from a Poisson distribution whose mean is given by the total
yield fitted on data nx

tot and the true raw asymmetry for the pseudoexperiment Ax
true.

The true asymmetry of the signal component is always drawn from a uniform distribution
between −10% and 10% (different for each pseudoexperiment). The asymmetry in each cos θCM

bin is drawn independently of the others bins.
The true asymmetries for the background components are determined differently in two

series of tests.
• In the first series, they are drawn from independent uniform distributions between

−10% and 10% as for the signal component: this is to evaluate the impact of different
background asymmetries on the ACP measurement.

• In the second series, they are fixed to the values fitted on data: this is to ensure that the
specific values found in the data sample do not induce any particular bias.

The linearity test consists in fitting the measured-vs.-true signal asymmetry graph with a
line:

Afit = m · Atrue + q ⇒ bias = Afit −Atrue = (m − 1)Atrue + q . (8.1)

If the fit is unbiased, the slope should be unitary, the intercept should be zero, and the graph
should be consistent with a line. I test the latter condition by checking the pulls for structures
or patterns, and I interpret deviations of the slope and intercept from their expected values as
biases, which I use to assign systematic uncertainties.

Figure 8.4 shows the results for the D0 → π+π−π0 fit, using the “folded mean” of the
asymmetries to obtain the bias on the ACP measurement directly. The intercept is q = (−0.062±
0.006)% for the first test (varying background asymmetries) and q = (−0.055 ± 0.006)% for
the second test (fixed background asymmetries). Since the values are compatible, I assign the
largest as systematic uncertainty. The non-linearity, instead, produces no substantial effect: it is
m − 1 = (0.86 ± 0.29)%, which has to be multiplied by the true asymmetry, which is ∼ 1% on
data, thus resulting in a bias < 0.01%. The pulls do not present any pattern.

Figure 8.5 shows the results for the tagged D0 → Kπ sample fit. The intercept is q =

(0.022± 0.004)% for the first test and q = (0.033± 0.004)% for the second test. Since the values
are compatible, I assign the largest as systematic uncertainty. The non-linearity is even smaller
than that of the signal channel fit, and the pulls do not present any unwanted pattern.

Figure 8.6 shows the results for the untagged D0 → Kπ sample fit. The intercept is q =

(−0.032 ± 0.002)% for the first test and q = (−0.029 ± 0.002)% for the second test. Since the
values are compatible, I assign the largest as systematic uncertainty. The non-linearity is even
smaller than that of the tagged sample fit, and the pulls do not present any particular pattern.
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Figure 8.4: Linearity tests on the “folded mean” of the raw asymmetry, D0 → π+π−π0 fit.
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Figure 8.5: Linearity tests on the “folded mean” of the raw asymmetry, D0 → Kπ tagged sample fit.
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Figure 8.6: Linearity tests on the “folded mean” of the raw asymmetry, D0 → Kπ untagged sample fit.

8.4 residual mismodeling

The PDFs I use do not perfectly model the actual candidate distributions. For the signal
D0 → π+π−π0 sample, the residual mismodeling is mostly due to the assumption that the
2D PDFs can be factorized into the product of two non-correlated 1D PDFs, which neglects the
existing correlations between the fit variables, especially for what concerns the D0 → Kππ0

background component. For the D0 → Kπ samples, instead, it is mostly due to the difficulty
of finding an empirical parametrization that fully captures the resolution of the signal peaks
for such large samples. Note that the mismodeling I find on data is well reproduced by the MC

simulation.
To evaluate the impact of this mismodeling on the ACP measurement, I repeat the whole

procedure 1000 times for different bootstrap samples derived from the MC and data samples.
The bootstrap samples are as large as the data, with Poisson-fluctuating number of candidates.
To preserve the correlation between tagged and untagged D0 → Kπ samples, I produce their
bootstraps at the same time and ensure that candidates from selected common events appear
in both bootstrap samples.

I measure the raw asymmetries, Aπ tag
ε (D0 → Kπ samples), and ACP (signal sample) for

each bootstrap. Then, I define residuals and pulls as

residuali = Ai −Atrue, pulli =
Ai −Atrue

σA,i
, (8.2)

where Ai is the asymmetry measured on the bootstrap sample i, σA,i is the uncertainty
estimated for said asymmetry measurement, and Atrue is the true asymmetry computed on the
original sample from which the bootstrap sample is derived. When working with data samples,
Atrue is replaced by the asymmetry measured on the original sample, of course limiting the
checks that can be performed.
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The residual distributions should have zero mean, showing that the measurements are
unbiased. This, of course, is more meaningful on MC, where the true value is used as reference,
but also works as a consistency check on data. The pull distributions should be Gaussian
with zero mean and unitary standard deviation, showing that the uncertainties are correctly
estimated. Finally, I also check the correlation of the asymmetries among the cos θCM bins
to confirm that they are negligible as expected (D0 → Kπ samples) or estimated by the fits
(D0 → π+π−π0 sample).

D0 → Kπ samples In Figure 8.7 I show the residual and pull distributions for the Aπ tag
ε

on MC for one cos θCM bin. The former peaks around zero with no unexpected structure, and
the latter is compatible with a Gaussian distribution.
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Figure 8.7: Aπ tag
ε residuals and pulls on MC for bin 4, i.e. cos θCM from −0.208 to 0. The pull distribution

is fitted with a Gaussian PDF.

Figure 8.8 reports the means of the residual distributions and the standard deviations of
the pull distributions of the various cos θCM bins on MC. The means of the residuals in the
single bins show deviations from zero; however, it is the mean of this biases, computed as
prescribed by the “folding” method, that estimates the impact on the ACP measurement:
(−0.071 ± 0.004)%. Since this is significantly different from zero, I assign the full extent of its
central value as systematic uncertainty. The standard deviations of the pulls are all compatible
with one, proving that the uncertainties are correctly estimated.

Figure 8.9 reports the standard deviations of the pull distributions of the various cos θCM

bins on data. Again, all are compatible with one, proving that the uncertainties are correctly
estimated.

Similar results are found for the Atagged
raw and Auntagged

raw . Finally, the correlations among the
cos θCM bins are found to be compatible with zero, as expected.

D0 → π+π−π0
sample In Figure 8.10 I show the residual and pull distributions for the

Aπ tag
ε -corrected signal Araw on MC for one cos θCM bin. The former peaks around zero with no

unexpected structure, and the latter is compatible with a Gaussian distribution.
Figure 8.11 reports the means of the residual distributions and the standard deviations of the

pull distributions of the various cos θCM bins on MC. While the means of the residuals in the
single bins show some deviations from zero, the mean of this biases, computed as prescribed
by the “folding” method, is compatible with zero: (−0.003 ± 0.008)%. Note that this mean is
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Figure 8.8: Aπ tag
ε residual means and pull standard deviations on MC as a function of the cos θCM bin.
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Figure 8.9: Aπ tag
ε pull standard deviations on data as a function of the cos θCM bin.
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Figure 8.10: Aπ tag
ε -corrected signal Araw residuals and pulls on MC for bin 4, i.e. cos θCM from −0.208

to 0. The pull distribution is fitted with a Gaussian PDF.
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the bias on the final ACP measurement. The standard deviations of the pulls are all compatible
with one, proving that the uncertainties are correctly estimated.
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Figure 8.11: Aπ tag
ε -corrected signal Araw residual means and pull standard deviations on MC as a

function of the cos θCM bin.

Figure 8.12 reports the standard deviations of the pull distributions of the various cos θCM

bins on data. Only a slight deviation from one, by about 10%, can be seen.
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Figure 8.12: Aπ tag
ε -corrected signal Araw pull standard deviations on data as a function of the cos θCM

bin.

The same results are found on the Araw and folded means (ACP measurements). Finally, the
correlations among the cos θCM bins are found to be compatible with zero, as expected.

D0 → π+π−π0
with modified asymmetry As an additional check, I repeat the

bootstrap tests for the signal channel on MC, but artificially reweighting the signal component
so that its raw asymmetry is twice (Figure 8.13a) or half (Figure 8.13b) as much as the original
value in each cos θCM bin, or so that the true ACP is ±1% (Figure 8.13c and Figure 8.13d). This
test is meant to ensure that the bias does not depend on the specific asymmetry of the MC.
The largest bias I get is (−0.033 ± 0.010)%, and I use the absolute value of its central value as
systematic uncertainty.
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Figure 8.13: Aπ tag
ε -corrected signal Araw residuals means on MC, with modified signal asymmetry, as a

function of the cos θCM bin.
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8.5 control channel reweighting

To evaluate the impact of the reweighting procedure used for the D0 → Kπ samples on the
final ACP measurement, I repeat the Aπ tag

ε measurement without using weights. This produces
a difference of (−0.058± 0.010)% in the final ACP. Since the reweighting procedure produces a
significant improvement in the agreement between original and target samples, I conservatively
assign half of this variation, i.e. 0.03%, for this contribution. This also covers any possible effect
from the signal distribution extraction with the SP lot technique.

Also, I repeat the measurement of Aπ tag
ε 1000 times while randomly varying the values

of the weights by Gaussian shifts, using the statical uncertainties of the weights as standard
deviations. Figure 8.14 shows the distribution of the resulting Aπ tag

ε measurements, compared
to the nominal one. The mean of the distribution is compatible with the nominal value, and the
standard deviation is ∼ 0.005%. Therefore, this second result does not significantly contribute
to the systematic uncertainty.
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Figure 8.14: Distribution of the Aπ tag
ε computed while varying the D0 → Kπ samples weights, com-

pared to the nominal value. This test is performed on MC.

8.6 wrong-sign D0 → Kπ decays

When fitting the untagged D0 → Kπ sample, I neglect the “wrong-sign” doubly-Cabibbo-
suppressed component. As this component naturally mimics the signal, it is captured by the
signal PDF of the fit. As the incorrect D0 flavor is naturally deduced, it causes the maximum
possible dilution of the signal asymmetry.

Let ntrue and ntrue be the actual numbers of D0 and D0 mesons that decay into Kπ (either right
or wrong sign), and let f be the fraction that decays “wrong-sign”, which is (0.379 ± 0.018)%
[15]. Then, the numbers of observed D0 and D0 mesons are

nobs = (1 − f ) · ntrue + f · ntrue, nobs = (1 − f ) · ntrue + f · ntrue , (8.3)
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and the observed asymmetry is

Aobs =
(1 − f )ntrue + f ntrue − (1 − f )ntrue + f ntrue

ntrue + ntrue
(8.4a)

= (1 − 2 f )
ntrue − ntrue

ntrue + ntrue
= (1 − 2 f )Atrue . (8.4b)

Therefore, the impact of neglecting the wrong-sign decays is a correction factor 1 − 2 f =

0.9924 ± 0.0004 on the measured asymmetry. This translates to an absolute bias on ACP of
(0.007 56 ± 0.000 03)%.

In principle I should take into account the possibility that the fraction f is different for
the two flavors due to reconstruction effects. However, I measure in MC that the two values
are compatible with each other and with the nominal expected value: (0.382 ± 0.002)% and
(0.377 ± 0.002)%.



9
conclusions and future prospects

In this thesis I presented a measurement of the time-integrated CP asymmetry in the D0 →
π+π−π0 decay channel, which I performed using the dataset of e+e− collisions collected by
the Belle II experiment between 2019 and 2022, corresponding to 428 fb−1. For this channel,
the Standard Model (SM) predicts an asymmetry of O(10−4–10−3), with large theoretical
uncertainties. Beyond-SM contributions may enhance the asymmetry. Therefore, the motivation
for this measurement lays both in testing the SM, and in exploring possible new physics
contributions, with particular regard to those models in which the up quark sector has a special
role.

The result I find,

ACP(D0 → π+π−π0) = (0.29 ± 0.27(stat)± 0.13(sys))%, (9.1)

is compatible with conservation of the CP symmetry in this decay, and with the previous
measurements [41, 42]. This measurement improves the precision of the current world’s best
[41] by 34% in terms of the dominant statistical uncertainty, and also by 24% in terms of
the systematic uncertainty, despite an increase in the available integrated luminosity of only
about 10% (428 fb−1 vs. 385 fb−1). The improvement in precision per unit luminosity was made
possible by the superior performance of the Belle II detector, especially for what concerns
neutral pion reconstruction, and by the choice to adopt more relaxed selection criteria and use
more advanced fitting procedures to measure the raw asymmetries.

At the time of writing this document, this result is considered preliminary by the Belle II
collaboration. The bulk of the internal approval process has already taken place, proving the
robustness of the analysis and allowing me to present this open-box result in this document
and at the EPS-HEP 2025 conference. The remaining part of the process involves one more
collaboration-wide review step based on the publication draft, which I am actively working on.
Barring unexpected issues, I expect this measurement to be published as a journal paper later
this year.

This measurement falls within a series of CP violation measurements in the charm sector
already published by the Belle II experiment, and several others that will be published in
the near future. These include the ACP measurements in D0 → π0π0 and D+ → π+π0

decays [8, 9], which help constrain the origin of the CP violation observed in D0 → π+π−

decays [4, 7]; the ACP measurements in D0 → K0
S K0

S decays [31, 32], the latter of which
uses an innovative flavor tagging technique based on the non-signal particles in the event;
the first model-independent measurement of the D0–D0 mixing parameters at a B-factory
experiments, using D0 → K0

S π+π− decays [33]; and several CP asymmetry measurements in
charmed hadron decays. Many of these are world-leading results, especially for what concerns
channels with neutral particles in the final state, for which the Belle II detector and its collision
environment are particularly suited. And, many of these are currently limited by the size of
the available dataset, and thus their precision will naturally improve in the future.

Concerning D0 → π+π−π0 decays, future improvements and extensions of this analysis
are possible and envisioned. First, this measurement is limited by its statistical uncertainty,
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therefore its precision will naturally improve as the Belle II experiment accumulates more
integrated luminosity. Second, the systematic uncertainties may be improved once they become
limiting:

• I estimated the D0 reconstruction asymmetry using the simulated sample, therefore its
uncertainty will shrink as larger samples are produced;

• I used a very conservative estimate for the systematic uncertainty due the control
sample reweighting, mainly because of its small magnitude compared to the statistical
uncertainty; and

• the distribution modeling may be improved in the future, if necessary, exploiting the
experience accumulated with this work.

Last, more information may be extracted from this three-body channel by exploiting its Dalitz
plot distribution [40]: while the timeline was beyond the boundaries of this work, feasibility
and preliminary studies for Dalitz-plot dependent ACP measurements and for amplitude
analyses are already taking place.

In conclusion, I measured the time-integrated CP asymmetry of the D0 → π+π−π0 decay
using the Belle II dataset collected between 2019 and 2022. I found no evidence of CP violation,
and improved the current world’s best precision by 34% despite having only 10% more
integrated luminosity. The preliminary result is yet to be definitively approved by the Belle II
collaboration, and is expected to lead to a journal publication later this year. Finally, even better
precision can be expected by repeating this measurement in the future, and more information
may be gained by exploiting the Dalitz plot distribution of the decay, using this work as a
preliminary study towards the optimal analysis strategy.
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A
useful formulas

a.1 composition of asymmetries

When two sources of asymmetry contribute to the total asymmetry of a sample, the total
asymmetry can, in general, be written as

A =
X1X2 − X1X2

X1X2 + X1X2
(A.1)

where the Xi can be, for example, efficiencies for one flavor, while the Xi are the corresponding
values for the opposite flavor. The asymmetries due to each source can then be written as

Ai =
Xi − Xi

Xi + Xi
(A.2)

from which it follows that

Xi =
Xi + Xi

2
(1 +Ai) and Xi =

Xi + Xi

2
(1 −Ai) . (A.3)

If we then substitute X2 and X2 in Equation A.1 using Equation A.3, we get

A =
X2+X2

2
X2+X2

2

· X1(1 +A2)− X1(1 −A2)

X1(1 +A2) + X1(1 −A2)
=

X1 − X1 +A2(X1 + X1)

X1 + X1 +A2(X1 − X1)
. (A.4)

We can then multiply and divide the numerator by X1 − X1, and the denominator by X1 + X1,
getting

A =
X1 − X1

X1 + X1
·

1 +A2
X1+X1
X1−X1

1 +A2
X1−X1
X1+X1

= A1
1 +A2/A1

1 +A2A1
=

A1 +A2

1 +A1A2
. (A.5)

If we assume the asymmetries to be small, we can approximate

A = A1 +A2 +O(A3
i ) . (A.6)

Finally, for the case of more than two sources, we can apply the formula recursively. For
example, with three sources we get

X1X2X3 − X1X2X3

X1X2X3 + X1X2X3
=

A1 +A2 +A3 +A1A2A3

1 +A1A2 +A1A3 +A2A3
= A1 +A2 +A3 +O(A3

i ) . (A.7)

a.2 maximum momentum of a D meson in a BB event

In the collision center of mass (CM) frame, the momentum pCM of a D∗ meson produced by
the decay of a B meson is kinematically limited to be at most

max pCM(D∗) =
ECM(B) · p(D∗) + pCM(B) · E(D∗)

M(B)
, (A.8)
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where I used the energy and momentum of the B meson in the collision frame as a function of
the collision energy

√
s, assuming an e+e− → Υ(4S) → BB event. These are given by

ECM(B) =
√

s
2

, pCM(B) =
√

E2
CM(B)− M2(B) , (A.9)

and the maximum energy and momentum of the D∗ in the B meson rest frame, assuming
B0 → D∗−e+ν to be the B decay with minimum mass recoiling against the D∗, is

max E(D∗) =
M2(B)− M2(e) + M2(D∗)

2M(B)
, p(D∗) =

√
E2(D∗)− M2(D∗) . (A.10)

When the collision energy
√

s is at the Υ(4S) resonance peak, max pCM(D∗) ≃ 2.45 GeV/c.
The same computation can be repeated for a D0 produced by the decay of a B meson, using

B+ → D0e+ν as the B decay with minimum mass recoiling against the D0. In this case, when
the collision energy

√
s is at the Υ(4S) resonance peak, max pCM(D0) ≃ 2.5 GeV/c.

a.3 distributions and pdfs

In this section I report the definitions of some probability density functions (PDFs) that I use
for the fits.

johnson’s SU -distribution This is defined as in [81]:

p(x|µ, λ, γ, δ) =
δ

λ
√

2π

1√
1 +

(
x−µ

λ

)2
exp

(
−1

2

(
γ + δ sinh−1

(
x − µ

λ

)))
. (A.11)

The most probable value (MPV) of the distribution is given by

m = µ − λ sinh
(γ

δ

)
. (A.12)

To use the MPV as a fit parameter, I define the following function

Jµ(m, λ, γ, δ) = m + λ sinh
(γ

δ

)
, (A.13)

which I use as the µ parameter of the Johnson’s distribution where appropriate.

crystal ball distribution The generalized asymmetric double-sided Crystal Ball PDF

has an asymmetric Gaussian core and asymmetric power-law tails. It is defined as

p(x|x0, σL, σR, αL, nL, αR, nR) ∝



AL · (BL − x−x0
σL

)−nL x−x0
σL

< −αL

exp
(
− 1

2

(
x−x0

σL

)2
)

x ≤ x0

exp
(
− 1

2

(
x−x0

σR

)2
)

x−x0
σR

≤ αR

AR · (BR + x−x0
σR

)−nR otherwise

, (A.14)

where x0 is the MPV of the distribution, σL and σR are the left and right Gaussian standard
deviations, nL and nR are the left and right power-law exponents, and αL and αR are the left
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and right transition points between Gaussian and power-law tail expressed in units of σL,R.
The transitions between core and tails preserve the continuity of the PDF and its first derivative.
This is ensured by the A and B factors, which are defined as

Ai =

(
ni

|αi|

)ni

· exp

(
−|αi|2

2

)
, Bi =

ni

|αi|
− |αi| . (A.15)

RooDstD0Bg This is an empirical model for the ∆M combinatorial background, defined
in the RooFit package as

p(x|x0, A, B, C) ∝
(

1 − exp
(
− x − x0

C

))
·
(

x
x0

)A

+ B ·
(

x
x0

− 1
)

. (A.16)

a.4 independence of asymmetry and total number of candidates

Let us consider a sample of D0 and D0 mesons. Let N be the number of D0 mesons and N be
the number of D0 mesons. Let also T = N + N be the total number of mesons of both flavors,
and A = (N − N)/(N + N) = (N − N)/T be the asymmetry.

I compute the covariance of A and T, assuming that N and N follow independent Poisson
distributions with means E[N] and E[N] respectively:

Cov(A, T) = E[AT]− E[A]E[T] = E[N − N]− E
[

N − N
N + N

]
E[N + N] . (A.17)

For the expectation value of the ratio we use the second-order approximation from [82]:

E
[

N − N
N + N

]
=

E[N − N]

E[N + N]
− Cov(N − N, N + N)

E2[N + N]
+

Var(N + N)E[N − N]

E3[N + N]
, (A.18a)

Cov(N − N, N + N) = Cov(N, N) + Cov(N, N)− Cov(N, N)− Cov(N, N) (A.18b)

= Var(N)− Var(N) = E[N]− E[N] = E[N − N], (A.18c)

Var(N + N) = Var(N) + Var(N) = E[N] + E[N] = E[N + N], (A.18d)

⇒ E
[

N − N
N + N

]
=

E[N − N]

E[N + N]
− E[N − N]

E2[N + N]
+

E[N + N]E[N − N]

E3[N + N]
(A.18e)

=
E[N − N]

E[N + N]
, (A.18f)

⇒ Cov(A, T) = E[N − N]− E[N − N]

E[N + N]
E[N + N] = 0 . (A.18g)

q.e.d.

https://root.cern.ch/doc/v634/classRooDstD0BG.html
https://root.cern.ch/doc/v634/classRooDstD0BG.html


B
preliminary selections

In order to limit the number of particle combinations and the size of intermediate files, I apply
a preliminary selection before and during the creation of signal candidates. This preliminary
selection is relatively loose, so that optimization studies and adjustments can still be performed.
Nevertheless, this preliminary selection is always implicitly applied to all distributions shown
in this document. The criteria are summarized in Table B.1.

Variable Selection

Photons

clusterNHits > 1.5

θ within CDC acceptance (17◦ to 150◦)

E > 25 MeV (forward endcap and barrel ECL sections)

E > 40 MeV (backward endcap ECL section)

Neutral pion

M between 100 MeV/c2 and 170 MeV/c2

Charged particles

dr < 2 cm

|dz| < 4 cm

θ within CDC acceptance (17◦ to 150◦)

D0 meson

M between 1.75 GeV/c2 and 1.95 GeV/c2

D∗ meson

∆M < 160 MeV/c2

pCM > 2 GeV/c2

Table B.1: The preliminary selection criteria used for signal candidates.
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C
data results for each cos θCM bin

Table C.1 and Table C.2 report the asymmetry results for the various data samples in each
cos θCM bin. The following sections contain plots of the fits for each cos θCM.

cos θCM bin
Asymmetries [%]

Aπππ0

raw Atagged
raw Auntagged

raw Aπ tag
ε Corrected Aπππ0

1 5.2 ± 1.0 2.6 ± 0.6 1.9 ± 0.4 0.8 ± 0.6 4.4 ± 1.2

2 5.1 ± 0.7 4.31 ± 0.34 1.76 ± 0.22 2.54 ± 0.33 2.6 ± 0.8

3 5.7 ± 0.7 5.77 ± 0.32 1.39 ± 0.19 4.38 ± 0.31 1.4 ± 0.8

4 5.2 ± 0.7 4.92 ± 0.33 1.24 ± 0.20 3.68 ± 0.32 1.5 ± 0.7

5 0.8 ± 0.6 1.19 ± 0.32 −0.08 ± 0.21 1.27 ± 0.31 −0.5 ± 0.7

6 −1.3 ± 0.6 0.08 ± 0.31 −0.19 ± 0.20 0.28 ± 0.30 −1.6 ± 0.7

7 −2.0 ± 0.6 −0.73 ± 0.29 −1.07 ± 0.19 0.34 ± 0.29 −2.3 ± 0.7

8 −2.8 ± 0.9 −2.0 ± 0.4 −1.61 ± 0.26 −0.4 ± 0.4 −2.4 ± 1.0

Table C.1: For the data samples and in each cos θCM bin: D0 → π+π−π0, tagged D0 → K−π+, and
untagged D0 → K−π+ raw asymmetries; tag pion detection asymmetry; and Aπ tag

ε -corrected
D0 → π+π−π0 asymmetry.

cos θCM bin pair
Asymmetries [%]

Backward bin Forward bin Average

1 and 8 4.4 ± 1.2 −2.4 ± 1.0 1.0 ± 0.8

2 and 7 2.6 ± 0.8 −2.3 ± 0.7 0.2 ± 0.5

3 and 6 1.4 ± 0.8 −1.6 ± 0.7 −0.1 ± 0.5

4 and 5 1.5 ± 0.7 −0.5 ± 0.7 0.5 ± 0.5

Table C.2: Aπ tag
ε -corrected D0 → π+π−π0 asymmetry averages for each cos θCM bin pair.

c.1 signal channel fit

Figures C.1 through C.8 report the D0 → π+π−π0 channel fit results for each cos θCM bin
separately.
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Figure C.1: Final fit of the data sample for cos θCM bin 1, i.e. −0.7 < cos θCM < −0.599.
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(b) D0 invariant mass distribution.

Figure C.2: Final fit of the data sample for cos θCM bin 2, i.e. −0.599 < cos θCM < −0.411.



C.1 signal channel fit 136

140 142 144 146 148 150

)2M (MeV/c∆

0.5

1

1.5

2

2.5

310×
 )2

E
ve

nt
s 

/ (
 0

.1
 M

eV
/c

Own workData

Total fit

Signal

Combinatorial
0ππK

πRandom tag 

140 142 144 146 148 150

]2M [MeV/c∆

3−
2−
1−
0
1
2
3

P
ul

l

140 142 144 146 148 150

]2M [MeV/c∆

10−
5−
0

5

10

15

20

A
sy

m
m

et
ry

 [%
]

(a) ∆M distribution.

1.8 1.85 1.9 1.95

)2) (GeV/c0M(D

0.5

1

1.5

2

310×

 )2
E

ve
nt

s 
/ (

 0
.0

01
65

 G
eV

/c

Own workData

Total fit

Signal

Combinatorial
0ππK

πRandom tag 

1.8 1.85 1.9 1.95

]2) [GeV/c0M(D

3−
2−
1−
0
1
2
3

P
ul

l

1.8 1.85 1.9 1.95

]2) [GeV/c0M(D

10−
5−
0

5

10

15

20

A
sy

m
m

et
ry

 [%
]

(b) D0 invariant mass distribution.

Figure C.3: Final fit of the data sample for cos θCM bin 3, i.e. −0.411 < cos θCM < −0.208.
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Figure C.4: Final fit of the data sample for cos θCM bin 4, i.e. −0.208 < cos θCM < 0.
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(b) D0 invariant mass distribution.

Figure C.5: Final fit of the data sample for cos θCM bin 5, i.e. 0 < cos θCM < 0.208.
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Figure C.6: Final fit of the data sample for cos θCM bin 6, i.e. 0.208 < cos θCM < 0.411.
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(b) D0 invariant mass distribution.

Figure C.7: Final fit of the data sample for cos θCM bin 7, i.e. 0.411 < cos θCM < 0.599.
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Figure C.8: Final fit of the data sample for cos θCM bin 8, i.e. 0.599 < cos θCM < 0.7.
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c.2 tagged D0 → Kπ fit

Figures C.9 and C.10 report the tagged D0 → Kπ sample fit results for each cos θCM bin
separately.
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(a) cos θCM bin 1, i.e. −0.7 < cos θCM < −0.599.
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(b) cos θCM bin 2, i.e. −0.599 < cos θCM < −0.411.

0.14 0.142 0.144 0.146 0.148 0.15

)2M (GeV/c∆

0

2

4

6

8

10

12
310×)2

C
an

di
da

te
s 

/ (
0.

00
01

 G
eV

/c Own workTotal fit Data

Background Signal

0.14 0.142 0.144 0.146 0.148 0.15

)2M (GeV/c∆

4−

2−

0

2

4

P
ul

ls

0.14 0.142 0.144 0.146 0.148 0.15

)2M (GeV/c∆

0.04−
0.02−

0
0.02
0.04
0.06
0.08

0.1

A
sy

m
m

et
ry

0.14 0.142 0.144 0.146 0.148 0.15

)2M (GeV/c∆

0

2

4

6

8

10

310×)2
C

an
di

da
te

s 
/ (

0.
00

01
 G

eV
/c Own workTotal fit Data

Background Signal

0.14 0.142 0.144 0.146 0.148 0.15

)2M (GeV/c∆

4−

2−

0

2

P
ul

ls

0.14 0.142 0.144 0.146 0.148 0.15

)2M (GeV/c∆

0.04−
0.02−

0
0.02
0.04
0.06
0.08

0.1

A
sy

m
m

et
ry

0.14 0.142 0.144 0.146 0.148 0.15

)2M (GeV/c∆

10

210

310

410

)2
C

an
di

da
te

s 
/ (

0.
00

01
 G

eV
/c Own workTotal fit Data

Background Signal

0.14 0.142 0.144 0.146 0.148 0.15

)2M (GeV/c∆

4−

2−

0

2

4

P
ul

ls

0.14 0.142 0.144 0.146 0.148 0.15

)2M (GeV/c∆

0.04−
0.02−

0
0.02
0.04
0.06
0.08

0.1

A
sy

m
m

et
ry

0.14 0.142 0.144 0.146 0.148 0.15

)2M (GeV/c∆

10

210

310

410)2
C

an
di

da
te

s 
/ (

0.
00

01
 G

eV
/c Own workTotal fit Data

Background Signal

0.14 0.142 0.144 0.146 0.148 0.15

)2M (GeV/c∆

4−

2−

0

2

P
ul

ls

0.14 0.142 0.144 0.146 0.148 0.15

)2M (GeV/c∆

0.04−
0.02−

0
0.02
0.04
0.06
0.08

0.1

A
sy

m
m

et
ry

raw,sig

A δ gauss

f γ
0D

λ
0D

λ µ
0

bkgD

n
0D

bkg

n
tot,sig

n
1
p

0
GD

σ
0DG

σ
0

DG
σ

0GD
σ

1
p

tot,sign
0

Dbkg
n

0bkgD
n

µ
0

D
λ

0D
λ

γ
gaussf

δ
raw,sigA

1−

0.8−

0.6−

0.4−

0.2−

0

0.2

0.4

0.6

0.8

1
Own work

(c) cos θCM bin 3, i.e. −0.411 < cos θCM < −0.208.
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(d) cos θCM bin 4, i.e. −0.208 < cos θCM < 0.

Figure C.9: Asymmetry fits of the tagged D0 → Kπ sample on data.
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(a) cos θCM bin 5, i.e. 0 < cos θCM < 0.208.
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(b) cos θCM bin 6, i.e. 0.208 < cos θCM < 0.411.
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(c) cos θCM bin 7, i.e. 0.411 < cos θCM < 0.599.
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(d) cos θCM bin 8, i.e. 0.599 < cos θCM < 0.7.

Figure C.10: Asymmetry fits of the tagged D0 → Kπ sample on data.
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c.3 untagged D0 → Kπ fit

Figures C.11 and C.12 report the untagged D0 → Kπ sample fit results for each cos θCM bin
separately.
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(a) cos θCM bin 1, i.e. −0.7 < cos θCM < −0.599.
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(b) cos θCM bin 2, i.e. −0.599 < cos θCM < −0.411.

1.8 1.82 1.84 1.86 1.88 1.9 1.92

)2 (GeV/c0D
M

0

5

10

15

20

25

310×)2
C

an
di

da
te

s 
/ (

0.
00

12
 G

eV
/c Own workTotal fit Data

Background Signal

1.8 1.82 1.84 1.86 1.88 1.9 1.92

)2 (GeV/c0D
M

3−
2−
1−
0
1
2
3
4

P
ul

ls

1.8 1.82 1.84 1.86 1.88 1.9 1.92

)2 (GeV/c0D
M

0.1−

0.05−

0

0.05

0.1

A
sy

m
m

et
ry

1.8 1.82 1.84 1.86 1.88 1.9 1.92

)2 (GeV/c0D
M

0

5

10

15

20

25

310×)2
C

an
di

da
te

s 
/ (

0.
00

12
 G

eV
/c Own workTotal fit Data

Background Signal

1.8 1.82 1.84 1.86 1.88 1.9 1.92

)2 (GeV/c0D
M

4−
3−
2−
1−
0
1
2
3

P
ul

ls

1.8 1.82 1.84 1.86 1.88 1.9 1.92

)2 (GeV/c0D
M

0.1−

0.05−

0

0.05

0.1

A
sy

m
m

et
ry

1.8 1.82 1.84 1.86 1.88 1.9 1.92

)2 (GeV/c0D
M

210

310

410

)2
C

an
di

da
te

s 
/ (

0.
00

12
 G

eV
/c Own workTotal fit Data

Background Signal

1.8 1.82 1.84 1.86 1.88 1.9 1.92

)2 (GeV/c0D
M

3−
2−
1−
0
1
2
3
4

P
ul

ls

1.8 1.82 1.84 1.86 1.88 1.9 1.92

)2 (GeV/c0D
M

0.1−

0.05−

0

0.05

0.1

A
sy

m
m

et
ry

1.8 1.82 1.84 1.86 1.88 1.9 1.92

)2 (GeV/c0D
M

210

310

410

)2
C

an
di

da
te

s 
/ (

0.
00

12
 G

eV
/c Own workTotal fit Data

Background Signal

1.8 1.82 1.84 1.86 1.88 1.9 1.92

)2 (GeV/c0D
M

4−
3−
2−
1−
0
1
2
3

P
ul

ls

1.8 1.82 1.84 1.86 1.88 1.9 1.92

)2 (GeV/c0D
M

0.1−

0.05−

0

0.05

0.1

A
sy

m
m

et
ry

raw,sig

A δ gauss

f γ
0D

λ
0D

λ µ
0

bkgD

n
0D

bkg

n
tot,sig

n
1
p

0
GD

σ
0DG

σ
0

DG
σ

0GD
σ

1
p

tot,sign
0

Dbkg
n

0bkgD
n

µ
0

D
λ

0D
λ

γ
gaussf

δ
raw,sigA

1−

0.8−

0.6−

0.4−

0.2−

0

0.2

0.4

0.6

0.8

1
Own work

(c) cos θCM bin 3, i.e. −0.411 < cos θCM < −0.208.
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(d) cos θCM bin 4, i.e. −0.208 < cos θCM < 0.

Figure C.11: Asymmetry fits of the untagged D0 → Kπ sample on data.
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(a) cos θCM bin 5, i.e. 0 < cos θCM < 0.208.
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(b) cos θCM bin 6, i.e. 0.208 < cos θCM < 0.411.
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(c) cos θCM bin 7, i.e. 0.411 < cos θCM < 0.599.
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(d) cos θCM bin 8, i.e. 0.599 < cos θCM < 0.7.

Figure C.12: Asymmetry fits of the untagged D0 → Kπ sample on data.
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