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Kurzfassung
Diese Dissertation beinhaltet eine Studie über seltene radiative |𝛥𝑐| = |𝛥𝑢| = 1 Übergänge
innerhalb und jenseits des Standardmodells. Für die 18 Dreikörperzerfälle 𝐷 → 𝑃1𝑃2𝛾 mit
𝑃 = 𝜋, 𝐾 werden die Zerfallsamplituden mittels Lows Theorem, QCD Faktorisierung und
HH𝜒PT berechnet. Es werden Standardmodellvorhersagen für Verzweigungsverhältnisse,
CP-Asymmetrien sowie Vorwärts-Rückwärts-Asymmetrien bestimmt. Effekte neuer Physik
in den Koeffizienten der elektromagnetischen Dipoloperatoren werden unter Einhaltung
der aktuellen Einschränkungen untersucht. Die Photonpolarisation in 𝐷𝑠 → 𝐾1(→ 𝐾𝜋𝜋)𝛾
Zerfällen wird im Hinblick auf Effekte neuer Physik in den Dipolkoeffizienten ausgewertet.
Innerhalb des Standardmodells stimmt der Polarisationsparameter mit dem standard-
modellartigen Partnerzerfall 𝐷+ → 𝐾+

1 (→ 𝐾𝜋𝜋)𝛾 bis auf U-spin brechende Korrekturen
überein. Die Existenz von Partnerzerfällen ermöglicht die Konstruktion eines Null-Tests,
welcher keine genaue Kenntnis des hadronischen 𝐾1 → 𝐾𝜋𝜋 Zerfalls benötigt. Abschlie-
ßend werden verschiedene Möglichkeiten, das Standardmodell mit seltenen radiativen
Zerfällen von charm Baryonen zu testen, diskutiert. Basierend auf der approximativen
𝑆𝑈(3)𝐹 Symmetrie der QCD sowie ihrer Untergruppen werden Relationen zwischen
Partnerzerfällen ausgearbeitet. Verzweigungsverhältnisse, CP-Asymmetrien sowie die
Photonpolarisationen werden als Observablen betrachtet und die potentiellen Effekte
neuer Physik abgeschätzt. Methoden zur Extraktion der Photonpolarisation aus den
Zweikörperzerfällen 𝐵𝑐 → 𝐵𝛾 polarisierter charm Baryonen sowie aus den Zerfallsketten
𝐵𝑐 → 𝐵(→ 𝐵′𝑃)𝛾 mit selbst-analysierenden Hyperonen 𝐵 werden vorgestellt.
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Abstract
This thesis comprises a study of rare radiative |𝛥𝑐| = |𝛥𝑢| = 1 transitions within
and beyond the standard model of particle physics. For the 18 three-body decays
𝐷 → 𝑃1𝑃2𝛾 with 𝑃 = 𝜋, 𝐾, decay amplitudes are derived using Low’s theorem, QCD
factorization and heavy hadron chiral perturbation theory. Standard model predictions for
branching ratios, CP asymmetries as well as forward-backward asymmetries are determined.
Moreover, the effects of new physics in the coefficients of the electromagnetic dipole
operators are investigated respecting the current constraints. The photon polarization in
𝐷𝑠 → 𝐾+

1 (→ 𝐾𝜋𝜋)𝛾 decays is studied with respect to new physics effects in the dipole
coefficients. Within the standard model, the polarization parameter agrees with the SM-
like partner decay 𝐷+ → 𝐾1(→ 𝐾𝜋𝜋)𝛾 up to U-spin breaking corrections. The existence
of partner decays allows to construct a null test which does not require precise knowledge
of the hadronic 𝐾1 → 𝐾𝜋𝜋 decay. Finally, different ways to test the standard model with
rare radiative decays of charm baryons are discussed. Based on the approximate 𝑆𝑈(3)𝐹
symmetry of QCD as well as its subgroups, relations between partner decays are worked
out. Branching ratios, CP asymmetries as well as the photon polarizations are considered
as observables and the potential of new physics effects is estimated. Methods for the
extraction of the photon polarization from two-body decays 𝐵𝑐 → 𝐵𝛾 of polarized charm
baryons as well as from decay chains 𝐵𝑐 → 𝐵(→ 𝐵′𝑃)𝛾 with self-analyzing hyperons 𝐵
are presented.
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1 Introduction

At the fundamental level, physics is based on two central theories. On the one hand, the
theory of general relativity (GR) describes the relation between mass, energy, momentum
and the curvature of the four-dimensional space-time and interprets gravity as a geometrical
property of the space-time curvature. So far, the predictions of GR have been mostly in
agreement with observations and experiments. As the last major discovery, the prediction
of gravitational waves was confirmed by the LIGO experiment in 2015 [5]. On the
other hand, the standard model of particle physics (SM) describes the properties of the
microscopic building blocks of nature as well as their interactions. This includes the
strong, weak and electromagnetic interaction, thus the other three known forces of nature.
When the Higgs boson [6–8] was directly detected by the ATLAS and CMS experiments
[9, 10] at the Large Hadron Collider (LHC) in 2012, the last missing piece of the the SM
was discovered and thus the SM was completed.

Despite the enormous success of the SM, there are some observations which cannot be
explained. A known deficiency are the missing neutrino masses, which are necessary to
explain the observed neutrino oscillations [11, 12]. In addition, the amount of visible matter
in the universe cannot be explained by the violation of charge parity (CP) symmetry in
the SM [13]. Moreover, it is known that visible matter accounts for only ∼ 5% of the total
energy content of the universe. About five times as much is present in form of dark matter,
for which, however, there is no explanation within the SM [14]. Besides experimental
observations, there are also theoretical shortcomings. First of all, there is no quantum
theory of gravity, which would be desirable in view of a unified theory of all forces of
nature. Furthermore, perturbation theory does not work for arbitrarily high energy scales
within the SM. Moreover, the Standard Model contains 18 parameters whose values are not
based on theoretical arguments but must be determined by experiments. It is conspicuous
that ten of the parameters originate from the quark sector of the SM (six quark masses,
three mixing angles and one phase) and show strong hierarchical structures. Both the
large number and its unsubstantiated structure are unsatisfactory from a theoretical point
of view.

So far, there is no evidence of direct detection of particles beyond the standard model
(BSM). Since direct searches require that the collider experiments provide enough energy
to create the BSM particles mass, new physics is likely to exist at an energy scale that
cannot be reached with current collider setups. Indirect searches, on the other hand,
provide an opportunity to test much higher energy scales. If theoretical and experimental
precision reach a sufficient level, loop induced virtual contributions of new physics (NP)
can lead to measurable deviations from SM predictions in low-energy observables.

In recent years, several indirect searches have drawn attention. Measurements of the
anomalous magnetic moments of the charged leptons are one of them. For muons, there are
currently deviations of up to 4.1 𝜎, depending on the theory prediction [15–17]. Similarly,
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1 Introduction

although not quite as significant, the measured anomalous magnetic moments of electrons
deviate from the SM predictions by 2.4 𝜎 [18, 19]. Furthermore, there are numerous
discrepancies in semileptonic decays of 𝐵 mesons, both in charged current 𝑏 → 𝑐𝑙− ̄𝜈𝑙
and flavor changing neutral current (FCNC) 𝑏 → 𝑠𝑙+𝑙− transitions. Branching ratios
of 𝑏 → 𝑠𝜇+𝜇− transitions [20–24] as well as 𝐵 → 𝐾∗𝜇+𝜇− angular observables [25–29]
deviate from the SM. Of particular interest are the null tests of lepton flavor universality
with the ratio type observables 𝑅𝐾(∗) [30–35] and 𝑅𝐷(∗) [36–54], which have the advantage
of small theoretical uncertainties. The deviations of the 𝑏 anomalies are mostly in the
range of 2 − 3𝜎. However, the last measurement of 𝑅𝐷(∗) by Belle is compatible with the
SM within 1.2 standard deviations [52].

Complementary to 𝐾 and 𝐵 physics, charm physics offers the possibility to search for
NP in the up-type sector of the standard model of particle physics. 𝐷0 − �̄�0 mixing,
hadronic decays [55–64] as well as (semi)leptonic decays [65–76] provide suitable options.
The latter also offer the possibility to test the hint for violation of lepton flavor universality.
Moreover, radiative charm decays complement those studies. Radiative |𝛥𝑐| = |𝛥𝑢| = 1
decays have branching ratios of order 𝒪(10−7 − 10−3) and are therefore rare enough to be
sensitive to BSM processes, but also accessible to precision studies at current and future
experiments such as LHCb [77], Belle II [78], BES III [79], Super charm-tau factory [80]
and FCC [81].

This thesis, which is based on [1–4], discusses multiple different opportunities to test
the SM with 𝑐 → 𝑢𝛾 transitions and is organized as follows:

• In chapter 2 and 3 the standard model of particle physics and the framework of
weak effective theory (WET) for 𝑐 → 𝑢𝛾 transition are briefly summarized.

• In chapter 4 all 18 𝐷 → 𝑃𝑃𝛾 decay modes with 𝑃 = 𝜋, 𝐾, which are induced by
dimension six operators, are discussed. SM predictions as well as different BSM
benchmarks for (differential) branching rations, forward-backward asymmetries and
CP asymmetries are provided.

• In chapter 5 the photon polarization in 𝐷+
(𝑠) → 𝐾+

1 (→ 𝐾𝜋𝜋)𝛾 decays is extracted
using an up-down asymmetry in the 𝐾𝜋𝜋 system. We take advantage of partner
decays in charm physics, one of which is SM-like and one BSM sensitive, to construct
a null test. We estimate the hadronic proportionality factor in the asymmetry to
estimate the experimental sensitivity.

• In chapter 6 the weak radiative decays of charmed anti-triplett (𝛬𝑐, 𝛯+
𝑐 , 𝛯0

𝑐 )
and sextet (𝛴++

𝑐 , 𝛴+
𝑐 , 𝛴0

𝑐 , 𝛯′+
𝑐 , 𝛯′0

𝑐 , 𝛺𝑐) baryons are discussed. We use the
approximate 𝑆𝑈(3)𝐹 flavor symmetry to relate decay amplitudes and extract the
SM amplitudes from SM-like decays. Due to missing experimental data, we use
benchmarks motivated by data on 𝐷0 → 𝐾∗0𝛾. We estimate the potential impact of
NP in branching ratios, CP asymmetries and the photon polarization. We discuss
both a method to determine the photon polarization in two-body decays of polarized
charm baryons and via self-analyzing decay chains.

• A conclusion is given in chapter 7 and additional information on parameters, form
factors, helicity amplitudes and flavor relations are provided in five appendices A-E.
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2 The standard model of particle physics
The standard model of particle physics unifies our present generally accepted knowledge
of all known forces of nature, except gravity. It describes interactions on the fundamental
level by the exchange of different mediators. The SM is formulated in terms of quantum
fields, where each field is associated with a particle. Their interactions arise from the local
gauge symmetry

𝑆𝑈(3)𝐶 × 𝑆𝑈(2)𝐿 × 𝑈(1)𝑌 , (2.1)
where quantum chromodynamics (QCD), the strong interaction, emerge from the 𝑆𝑈(3)𝐶
gauge group [82–85]. The remaining 𝑆𝑈(2)𝐿 × 𝑈(1)𝑌 gauge group defines the electroweak
interaction before electroweak symmetry breaking [86–88]

The matter content of the SM can be divided into two different categories, fermions
and bosons. Overall, the SM contains 12 fermions (and their antiparticles) with spin-1/2,
whose charges under the gauge groups specify how they interact. The fermions can further
be divided into quarks and leptons. There are three charged leptons namely the 𝑒−, the
𝜇− and the 𝜏− with electric charge 𝑄 = −1. The charged leptons differ only by their
masses. Analogously, there are three electrically neutral neutrinos 𝜈𝑒, 𝜈𝜇 and 𝜈𝜏, which
are massless in the SM. A charged lepton and the corresponding neutrino form a so-called
generation of leptons. The first generation consists of 𝑒− and 𝜈𝑒, the second of 𝜇− and
𝜈𝜇 and the third of 𝜏− and 𝜈𝜏. Neglecting the masses of the charged leptons, the three
generations are exact copies of each other. All leptons interact via the weak force, but
they do not interact strongly.

Furthermore, the fermions include the quarks, which exist in 6 different flavors: up 𝑢,
down 𝑑, charm 𝑐, strange 𝑠, top 𝑡 and bottom 𝑏. Analogously to the leptons, the quarks
also form three generations. The first consists of 𝑢 and 𝑑, the second of 𝑐 and 𝑠 and the
third of 𝑡 and 𝑏. As in the case of the leptons, the quarks of the three generations differ
only in their masses. Additionally, the quarks can be categorized by their electric charge.
The up-type quarks 𝑢, 𝑐 and 𝑡 have an electric charge of 𝑄 = 2/3, while the down-type
quarks 𝑑, 𝑠, 𝑏 have 𝑄 = −1/3. All quarks interact via the weak nuclear force. Moreover,
they are charged under the 𝑆𝑈(3)𝐶 and, therefore, interact via the strong interaction. All
SM fermions as well as their representations and charges under the gauge symmetries are
listed in Table 2.1.

Besides the fermions, the SM contains 12 gauge bosons with spin-1, which act as force
carriers of the strong, weak and electromagnetic interaction: The massless gluons mediate
the strong interactions between particles with color charge. There are eight versions of
gluons, which differ in the combination of color and anticolor charge. Therefore, gluons
couple not only to quarks, but also among themselves. The massive 𝑊 ± and 𝑍 bosons
are the mediators of the weak interaction. They couple to left-handed fermions and
right-handed antifermions and, in case of the 𝑊 ±, change the fermions flavor in the
interaction. Finally, the massless photon mediates the electromagnetic force. It couples to
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2 The standard model of particle physics

Particle 𝑆𝑈(3)𝐶 𝑆𝑈(2)𝐿 𝑌 𝑇3 𝑄

(
𝑢
𝑑
)

𝐿

, (
𝑐
𝑠
)

𝐿

, (
𝑡
𝑏
)

𝐿

3 2 −1/6
1/2

−1/2
2/3

−1/3

(
𝜈𝑒

𝑒−)
𝐿

, (
𝜈𝜇

𝜇−)
𝐿

, (
𝜈𝜏

𝜏−)
𝐿

1 2 −1/2
1/2

−1/2
0

−1
𝑢𝑅, 𝑐𝑅, 𝑡𝑅 3 1 2/3 - 2/3
𝑑𝑅, 𝑠𝑅, 𝑏𝑅 3 1 −1/3 - −1/3
𝑒−

𝑅, 𝜇−
𝑅, 𝜏−

𝑅 1 1 −1 - −1
Table 2.1: Group representations and charges of the SM fermions. 𝑌 is the weak hyper-
charge, 𝑇3 ist the third component of the weak isospin and 𝑄 = 𝑌 + 𝑇3 is the electric
charge. The subscript 𝐿/𝑅 denote the left/right handed fields, respectively.

all particles which carry an electric charge. The last particle of the standard model is the
Higgs boson, which is a spin-0 boson. Its non-trivial vacuum expectation value gives rise
to the SM masses of all particles.

2.1 Quantum chromodynamics
The local gauge symmetries define the allowed interactions of the SM fermions. The
Lagrangian is restricted to expressions that are invariant under these symmetries. To
construct the QCD Lagrangian, we consider the transformation behavior of the quark
fields under 𝑆𝑈(3)𝐶, the gauge symmetry of QCD. In contrast to the leptons, quarks
carry a color charge and thus transform non-trivially as a triplet

𝑞𝑖 → 𝑞′
𝑖 = 𝑈𝑞𝑖 = exp (𝑖𝑇 𝑎𝜃𝑎(𝑥)) 𝑞𝑖 , (2.2)

where we sum over repeated indices (𝑎 = 1, ..., 8). The index 𝑖 = {𝑢, 𝑑, 𝑠, 𝑐, 𝑏, 𝑡} denotes
the flavor of the quark field. 𝜃𝑎 are real parameters which depend on space and time. The
𝑇 𝑎 are the generators of the 𝑆𝑈(3)𝐶 and obey the Lie algebra

[𝑇 𝑎, 𝑇 𝑏] = 𝑖𝑓 𝑎𝑏
𝑐 𝑇 𝑐 , (2.3)

where the real and totally antisymmetric parameters 𝑓 𝑎𝑏
𝑐 are called structure constants.

In the fundamental representation, the generators are given by the Gell-Mann matrices
𝑇 𝑎 = 𝜆𝑎/2 and are normalized as Tr(𝑇 𝑎𝑇 𝑏) = 𝛿𝑎𝑏/2. The structure constants are given
by

𝑓 𝑎𝑏
𝑐 = −𝑖

2
Tr ([𝑇 𝑎, 𝑇 𝑏] 𝑇𝑐) . (2.4)

The starting point for the construction of the QCD Lagrangian is the free Lagrangian of
fermion fields

ℒ0 = ̄𝑞𝛼
𝑖 (𝑖/∂ − 𝑚𝑖)𝑞𝛼

𝑖 , (2.5)
where 𝛼 = {𝑟, 𝑔, 𝑏} denotes the color index, which we will suppress in the following. We
use the notation /𝑎 = 𝑎𝜇𝛾𝜇 with the Dirac matrices 𝛾𝜇. Furthermore, we define the field ̄𝜓
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as ̄𝜓 = 𝜓†𝛾0. By performing the gauge transformation (2.2) on the free Lagrangian, it
can be shown that ℒ0 is not gauge invariant

ℒ0 → ℒ0 + 𝑖 ̄𝑞𝑖𝑈†(∂𝜇𝑈)𝑞𝑖 . (2.6)

To obtain a Lagrangian that is invariant under the local symmetry transformation (2.2),
an additional field 𝐺𝜇

𝑎 has to be introduced. The new Lagrangian

ℒ = ℒ0 − 𝑔𝑠 ̄𝑞𝑖𝛾𝜇𝑇 𝑎𝐺𝜇
𝑎𝑞𝑖 (2.7)

introduces interactions between quark fields 𝑞𝑖 and the gauge field 𝐺𝜇
𝑎 , where the strength

of the coupling is described by the strong coupling constant 𝑔𝑠. The new gauge fields,
which are called gluons, are also color charged. However, they do not transform under
the fundamental representation of the symmetry group like the quark fields, but under
the adjoint representation. Moreover, the gluons are vector bosons, as the fields have a
Lorentz index. The transformation behavior of the gluon field is given by

𝑇 𝑎𝐺𝜇
𝑎 → 𝑈𝑇 𝑎𝐺𝜇

𝑎𝑈† + 𝑖
𝑔𝑠

(∂𝜇𝑈)𝑈† , (2.8)

eliminating the additional term in (2.6). Thus, an infinitesimal transformation is given by

𝐺𝜇
𝑎 → 𝐺𝜇

𝑎 − ∂𝜇𝜃𝑎 − 𝜃𝑏𝑓 𝑏𝑐
𝑎 𝐺𝜇

𝑐 , (2.9)

from which we can see that a mass term ∝ 𝐺𝜇
𝑎𝐺𝑎𝜇 would violate gauge invariance.

Therefore, gauge bosons have to be massless. Since gauge bosons are supposed to be
dynamical degrees of freedom, which can propagate through space and time, a kinetic
term is required. The kinematic term ∝ 𝐺𝜇𝜈

𝑎 𝐺𝑎𝜇𝜈 has to be defined in terms of the field
strength tensor

𝐺𝜇𝜈
𝑎 = ∂𝜇𝐺𝜈

𝑎 − ∂𝜈𝐺𝜇
𝑎 + 𝑔𝑠𝑓 𝑏𝑐

𝑎 𝐺𝜇
𝑏 𝐺𝜈

𝑐 (2.10)

in order to obtain a Lorentz- and gauge invariant expression. Due to the non-abelian
gauge group of QCD, the field strength tensor (2.10) contains a term which is quadratic
in the gluon field. Therefore, the kinetic term gives rise to self interactions of gluons with
triple and quartic vertices. Overall, the QCD Lagrangian can thus be written as

ℒ = ̄𝑞𝑖(𝑖 /𝐷 − 𝑚𝑖)𝑞𝑖 − 1
4

𝐺𝜇𝜈
𝑎 𝐺𝑎𝜇𝜈 , (2.11)

where 𝐷𝜇 = ∂𝜇 + 𝑖𝑔𝑠𝑇 𝑎𝐺𝜇
𝑎 denotes the covariant derivative. In general, the gauge

invariance of QCD allows an additional interaction [89]

ℒ = −𝜃QCD
𝑔2

𝑠
64𝜋2 𝜖𝛼𝛽𝛾𝛿𝐺𝛼𝛽

𝑎 𝐺𝛾𝛿
𝑎 , (2.12)

which would introduce a CP violating strong phase 𝜃QCD. A consequence of this interaction
would be a non-vanishing electric dipole moment (EDM) of neutrons. Current measure-
ments of the neutron EDM yield an upper limit of 𝑑𝑛 ≲ 10−26 𝑒 cm, which translates into
a tiny CP violating phase 𝜃QCD ≲ 10−10 [90, 91]. However, the SM does not provide an
explanation for this extremely small value. This fine tuning problem, which is referred to
as strong CP problem, is one of the unsolved issues of the SM.
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2.2 The electroweak interaction
To define the representations and transformation properties of quarks and leptons under the
electroweak symmetry group 𝑆𝑈(2)𝐿 × 𝑈(1)𝑌, we have to introduce left- and right-handed
fields

𝜓𝐿/𝑅 = 𝑃𝐿/𝑅𝜓 = 1 ∓ 𝛾5
2

𝜓 , (2.13)

where 𝛾5 = 𝑖𝛾0𝛾1𝛾2𝛾3. While the transformation properties of the left- and right-handed
fields only differ by the charges (see table 2.1) for the 𝑈(1)𝑌, there are different represen-
tations in the case of 𝑆𝑈(2)𝐿. The 𝜓𝐿 (with 𝜓 = 𝑞, 𝑙) are doublets which transform under
the fundamental representation. A 𝑆𝑈(2)𝐿-doublet is composed of an up- and down-type
quark or a neutrino and a charged lepton

𝑞𝐿 = (𝑢𝐿
𝑑𝐿

) , 𝑙𝐿 = (𝜈𝐿
𝑒𝐿

) . (2.14)

Analogously, there are doublets for the second and third generations of quarks and leptons.
The right-handed fields 𝑢𝑅, 𝑑𝑅 and 𝑒𝑅 for up-type quarks, down-type quarks and charged
leptons, respectively, transform trivially as singlets. Therefore, the gauge transformations
read

𝜓𝐿 → 𝜓′
𝐿 = 𝑈𝐿𝑈𝑌𝜓𝐿 = exp(𝑖𝜏𝐼𝜃𝐼(𝑥)) exp(𝑖𝑌 𝜃(𝑥))𝜓𝐿 ,

𝜓𝑅 → 𝜓′
𝑅 = 𝑈𝑌𝜓𝑅 = exp(𝑖𝑌 𝜃(𝑥))𝜓𝑅 .

(2.15)

Here, 𝑌 denotes the hypercharge and 𝜏𝐼 with 𝐼 = 1, 2, 3 are the generators of the 𝑆𝑈(2)𝐿
which obey the Lie algebra

[𝜏𝐼, 𝜏𝐽] = 𝑖𝜖𝐼𝐽𝐾𝜏𝐾 , (2.16)

where 𝜖𝐼𝐽𝐾 is the Levi-Civita tensor. In the fundamental representation the generators
are given by the Pauli matrices 𝜏𝐼 = 𝜎𝐼/2. Analogously to QCD, we have to introduce
gauge fields 𝑊 𝜇

𝐼 and 𝐵𝜇 to make the Lagrangian gauge invariant. They transform as

𝜏𝐼𝑊 𝜇
𝐼 → 𝑈𝐿𝜏𝐼𝑊 𝜇

𝐼 𝑈†
𝐿 + 𝑖

𝑔
(∂𝜇𝑈𝐿)𝑈†

𝐿 ,

𝐵𝜇 → 𝐵𝜇 − 1
𝑔′ ∂𝜇𝜃 ,

(2.17)

where 𝑔 and 𝑔′ are the gauge couplings of 𝑆𝑈(2)𝐿 and 𝑈(1)𝑌, respectively. The corre-
sponding field strength tensors read

𝑊 𝜇𝜈
𝐼 = ∂𝜇𝑊 𝜈

𝐼 − ∂𝜈𝑊 𝜇
𝐼 − 𝑔𝜖𝐼𝐽𝐾𝑊 𝜇

𝐽 𝑊 𝜈
𝐾 ,

𝐵𝜇𝜈 = ∂𝜇𝐵𝜈 − ∂𝜈𝐵𝜇 .
(2.18)

The gauge invariant Lagrangian, containing the kinetic terms for fermions and gauge
bosons as well as their interactions, is given by

ℒEW = 𝑖 ̄𝑞𝑖
𝐿 /𝐷𝑞𝑖

𝐿 + 𝑖 ̄𝑙𝑖𝐿 /𝐷𝑙𝑖𝐿 + 𝑖�̄�𝑖
𝑅 /𝐷𝑢𝑖

𝑅 + 𝑖 ̄𝑑𝑖
𝑅 /𝐷𝑑𝑖

𝑅 + 𝑖 ̄𝑒𝑖
𝑅 /𝐷𝑒𝑖

𝑅

− 1
4

𝑊 𝐼
𝜇𝜈𝑊 𝐼𝜇𝜈 − 1

4
𝐵𝜇𝜈𝐵𝜇𝜈 .

(2.19)
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The index 𝑖 represents the different generations of quarks and leptons, respectively. The
covariant derivatives for left- and right-handed fields are defined as

𝐷𝜇𝜓𝐿 = (∂𝜇 + 𝑖𝑔𝜏𝐼𝑊 𝜇
𝐼 + 𝑖𝑔′𝑌 𝐵𝜇)𝜓𝐿 ,

𝐷𝜇𝜓𝑅 = (∂𝜇 + 𝑖𝑔′𝑌 𝐵𝜇)𝜓𝑅 .
(2.20)

The Lagrangian (2.19) yields two properties that are not consistent with experimental
observations. On the one hand, the gauge bosons are massless, since gauge invariance
would be broke otherwise. However, it is known from experiments that the gauge bosons
of the weak interaction have a mass. On the other hand, fermions have to be massless as
well, as their left- and right-handed parts transform differently. Therefore, fermionic mass
terms

𝑚 ̄𝜓𝜓 = 𝑚 ̄𝜓𝐿𝜓𝑅 + 𝑚 ̄𝜓𝑅𝜓𝐿 (2.21)

would violate the 𝑆𝑈(2)𝐿 gauge symmetry.

2.3 Electroweak symmetry breaking and the Yukawa sector
To obtain a mass for the gauge bosons of the weak interaction, we have to introduce the
concept of spontaneous symmetry breaking (SSB). For this purpose, a scalar complex
field 𝜙 is introduced which transforms as a doublet under 𝑆𝑈(2)𝐿 and has a hypercharge
of 𝑌 = 1/2. The transformation properties are thus described by

𝜙 → 𝜙′ = 𝑈𝐿𝑈𝑌𝜙 = exp(𝑖𝜏 𝑖𝛼𝑖) exp(−𝛽/2)𝜙 . (2.22)

The kinetic terms of 𝜙 and the interactions with the electroweak gauge bosons are encoded
in the covatiant derivative. Furthermore, field 𝜙 has a symmetric and quartic potential
[6–8]

ℒ𝜙 = (𝐷𝜇𝜙)†(𝐷𝜇𝜙) + 𝜇2𝜙†𝜙 − 𝜆
2

(𝜙†𝜙)2 ,

𝐷𝜇𝜙 = (∂𝜇 − 𝑖𝑔𝜏 𝑖𝑊 𝜇
𝑖 + 𝑖𝑔′

2
𝐵𝜇) 𝜙 .

(2.23)

For positive parameters 𝜇2 and 𝜆, the quartic potential potential has an infinite number
of minima, which satisfy |𝜙|2 = 𝜙†𝜙 = 𝜇2/𝜆 = 𝑣2. Here, 𝑣 is referred to as the vacuum
expectation value (VEV) of the field 𝜙. In general, a complex doublet is described by four
real fields. Since the 𝜙 transforms as a doublet, it is possible to use a special gauge, the
unitary gauge, where three of the four fields vanish. This technique is called gauge-fixing.
Therefore, expanding 𝜙 around its VEV, we can write the scalar field as

𝜙 = 1√
2

( 0
𝑣 + ℎ(𝑥)) . (2.24)

where ℎ is known as the Higgs field. Although the Lagrangian was gauge invariant at
the beginning, the vacuum state no longer preserves the symmetry as a whole. Gauge
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transformations with 𝛼1 = 𝛼2 = 0 and 𝛼3 = 𝛽 leave the vacuum state invariant. Thus,
the electroweak symmetry is not completely broken, instead

𝑆𝑈(2)𝐿 × 𝑈(1)𝑌
SSB
⟶ 𝑈(1)EM . (2.25)

The remaining symmetry ensures that the theory contains a massless gauge boson which
will be identified with the photon. By inserting (2.24) in (2.23), we find that three mass
terms ∝ 𝑣2 for three massive gauge bosons are generated

ℒ𝜙 ⊃ 1
2

𝑣2

4
[𝑔2(𝑊 𝜇

1 )2 + 𝑔2(𝑊 𝜇
2 )2 + (−𝑔𝑊 𝜇

3 + 𝑔′𝐵𝜇)2] . (2.26)

The three massive vector bosons 𝑊 ±, 𝑍 as well as the massless photon 𝐴 arise as linear
combinations of the original gauge fields

𝑊 ±𝜇 = 1√
2

(𝑊 𝜇
1 ∓ 𝑖𝑊 𝜇

2 ) with mass 𝑚𝑊 = 𝑔𝑣
2

,

𝑍𝜇 = 1
√𝑔2 + 𝑔′2

(𝑔𝑊 𝜇
3 − 𝑔′𝐵𝜇) with mass 𝑚𝑍 = 𝑣

2
√𝑔2 + 𝑔′2 ,

𝐴𝜇 = 1
√𝑔2 + 𝑔′2

(𝑔𝑊 𝜇
3 + 𝑔′𝐵𝜇) with mass 𝑚𝐴 = 0 .

(2.27)

The change of basis from (𝑊3, 𝐵) to (𝑍, 𝐴) can be describes by a rotation matrix

(𝑍
𝐴) = (cos(𝜃𝑤) − sin(𝜃𝑤)

sin(𝜃𝑤) cos(𝜃𝑤) ) (𝑊3
𝐵 ) , (2.28)

where 𝜃𝑤 is the weak mixing angle, also known as Weinberg angle. The Weinberg angle
can be expressed by the electroweak coupling constants

cos(𝜃𝑤) = 𝑔
√𝑔2 + 𝑔′2

, sin(𝜃𝑤) = 𝑔′

√𝑔2 + 𝑔′2
. (2.29)

In addition, there is also a connection to the electromagnetic coupling constant 𝑒 =
𝑔 sin(𝜃𝑤) = 𝑔′ cos(𝜃𝑤). Furthermore, the masses of the 𝑊 ± bosons and the 𝑍 boson are
linked via 𝑚𝑊 = 𝑚𝑍 cos(𝜃𝑤). Finally, we can rewrite the interactions of quarks with
electroweak gauge bosons (2.19) in terms of the gauge bosons’ mass eigenstate fields

ℒEW ⊃ 𝑒𝐴𝜇𝐽EM
𝜇 + 𝑒

sin(𝜃𝑤)
𝑍𝜇𝐽𝑍

𝜇 + 𝑔√
2

(�̄�𝑖
𝐿𝑊 +𝜇𝛾𝜇𝑑𝑖

𝐿 + ̄𝜈𝑖
𝐿𝑊 +𝜇𝛾𝜇𝑒𝑖

𝐿 + h.c.) , (2.30)

where the electromagnetic current 𝐽EM
𝜇 and the neutral 𝑍 current 𝐽𝑍

𝜇 are given by

𝐽EM
𝜇 = 𝑄𝑖 ( ̄𝜓𝑖

𝐿𝛾𝜇𝜓𝑖
𝐿 + ̄𝜓𝑖

𝑅𝛾𝜇𝜓𝑖
𝑅) ,

𝐽𝑍
𝜇 = 1

cos(𝜃𝑤)
( ̄𝜓𝑖

𝐿𝛾𝜇𝜏3𝜓𝑖
𝐿 − sin2(𝜃𝑤)𝐽EM

𝜇 ) .
(2.31)

𝑄𝑖 = 𝑇3 + 𝑌 denotes the electric charge quantum number of the fermions. Here, we can
see that all interactions are flavor diagonal, i.e., only fermions within a generation interact
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with each other.
The generation of fermion masses works according to the same principle. We construct
interactions between fermions and the field 𝜙, which satisfy the gauge symmetries

ℒYuk = −𝑌 𝑢
𝑖𝑗 ̄𝑞𝑖

𝐿
̃𝜙𝑢𝑖

𝑅 − 𝑌 𝑑
𝑖𝑗 ̄𝑞𝑖

𝐿𝜙𝑑𝑖
𝑅 − 𝑌 𝑒

𝑖𝑗
̄𝑙𝑖𝐿𝜙𝑒𝑖

𝑅 + h.c. , (2.32)

where 𝑌 𝑢, 𝑌 𝑑 and 𝑌 𝑒 are the Yukawa matrices for up-type quarks, down-type quarks and
charged leptons, respectively. 𝑖 and 𝑗 denote generation indices and ̃𝜙 = 𝑖𝜎2𝜙∗. Note that
right-handed neutrinos are not included in the SM because they have never been observed
in experiments. Thus, neutrinos remain massless in the SM, although it is known that
they must have tiny masses ≲ 𝒪(eV) [11, 12]. After SSB, we obtain mass terms ∝ 𝑣 from
the fermion Yukawa couplings

ℒmass = − 𝑣√
2

(𝑌 𝑢
𝑖𝑗 �̄�𝑖

𝐿𝑢𝑖
𝑅 + 𝑌 𝑑

𝑖𝑗
̄𝑑𝑖
𝐿𝑑𝑖

𝑅 + 𝑌 𝑒
𝑖𝑗 ̄𝑒𝑖

𝐿𝑒𝑖
𝑅) + h.c. . (2.33)

In general, the Yukawa matrices are not diagonal and therefore the mass matrices 𝑀𝜓

are not diagonal either. Thus, the so-called flavor basis, which has been used so far, is
not equivalent to the physical mass basis. The transformation between flavor basis (𝑢, 𝑑)
and mass basis (𝑢′, 𝑑′) is given in terms of unitary matrices, which diagonalize the mass
matrices

𝜓𝐿/𝑅 = 𝑈𝜓
𝐿/𝑅𝜓′

𝐿/𝑅 , 𝑀𝜓 = 𝑣√
2

𝑈𝜓†
𝐿 𝑌 𝜓𝑈𝜓

𝑅 . (2.34)

The change from flavor to mass basis has neither an effect on the neutral currents in
(2.30), nor on the interactions of quarks with gluons, since they always link a fermion
antifermion pair with the same chirality. However, this is not the case for the charged
current interaction. Due to the interaction of up- and down-type quarks, the charged
quark current occurs to be non diagonal [92]

ℒCC = 𝑔√
2

(�̄�′𝑖
𝐿𝛾𝜇𝑉𝑖𝑗𝑑′𝑖

𝐿 + ̄𝜈′𝑖
𝐿 𝛾𝜇𝑒′𝑖

𝐿) 𝑊 +𝜇 + h.c. . (2.35)

However, the rotation to the mass basis doesn’t change the lepton current. This is due
to the fact that neutrinos are left-handed in the SM. This allows to choose a rotation
for neutrinos that cancels the rotation of the charged lepton fields. The combination of
rotations of up- and down-type quarks 𝑉 = 𝑈𝑢†

𝐿 𝑈𝑑
𝐿 is called Cabibbo-Kobayashi-Maskawa

(CKM) matrix [93, 94]. The CKM matrix is strictly unitary. The CKM matrix has
four degrees of freedom, which consist of three angles and one CP-violating phase [95].
A common representation of the CKM matrix is the Wolfenstein parameterization [96],
where the CKM matrix is expanded in a small parameter 𝜆 ≈ 0.225 [97]

𝑉 = ⎛⎜
⎝

𝑉𝑢𝑑 𝑉𝑢𝑠 𝑉𝑢𝑏
𝑉𝑐𝑑 𝑉𝑐𝑠 𝑉𝑐𝑏
𝑉𝑡𝑑 𝑉𝑡𝑠 𝑉𝑡𝑏

⎞⎟
⎠

= ⎛⎜⎜
⎝

1 − 𝜆2

2 𝜆 𝐴𝜆3(𝜌 − 𝑖𝜂)
−𝜆 1 − 𝜆2

2 𝐴𝜆2

𝐴𝜆3(1 − 𝜌 − 𝑖𝜂) −𝐴𝜆2 1

⎞⎟⎟
⎠

+ 𝒪(𝜆4) . (2.36)

Furthermore, 𝐴 ≈ 0.826, 𝜌 ≈ 0.152, and 𝜂 = 0.357 [97]. The CKM matrix exhibits a
strong hierarchical structure with dominant diagonal elements. Furthermore, the CP
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violating phase arises only for terms of order 𝒪(𝜆3) in elements 𝑉𝑡𝑑 and 𝑉𝑢𝑏. In particular,
up to order 𝜆3, there is no impact of the CP-violating phase in the charm sector of the
SM. Therefore, the CP violations in decays of charm hadrons are expected to be tiny and
provide good null tests of the SM.

Weak decays can be categorized by the power of 𝜆 in the leading contribution of the
decay amplitude 𝒜. Thus, weak decays of charmed hadrons can be classified into one of
the following three categories:

Cabibbo favored (CF): 𝒜 ∝ 𝜆0 ,
Singly Cabibbo suppressed (SCS): 𝒜 ∝ 𝜆1 ,
Doubly Cabibbo suppressed (DCS): 𝒜 ∝ 𝜆2 .

2.4 Motivation for physics beyond the SM
The SM is an elegant and compactly formulated theory, which has shown impressive
agreement with experimental results over the past decades. However, despite the lack of
directly detected particles, which are not predicted by the SM, it is known that the SM is at
least incomplete. Neutrinos are massless in the SM. However, based on the observation of
neutrino oscillations by the Sudbury Neutrino Observatory [11] and the Super-Kamiokande
experiment [12], it is known that at least two neutrinos have a small non-vanishing mass.
Analogous to the CKM matrix, the mixing mechanism can be explained by a mismatch
flavor and mass basis, which is described by the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix [98–100].

Furthermore, the baryon asymmetry in the universe cannot be explained by the SM.
According to the Sakharov conditions [101], additional lepton or baryon number violating
mechanisms as well as additional CP-violating phases are necessary to explain the amount
of visible matter in the universe. Furthermore, visible matter accounts for only ∼ 5% of
the energy content of the universe. The SM does not include candidates for dark matter,
which is needed to explain e.g. the galaxy rotation curves or the extent of gravitational
lensing.

Another theoretical deficiency are the poles in the fundamental coupling constants,
which causes the breakdown of perturbation theory for certain energy scales. QCD has a
pole for small energy scales. This can be interpreted as a hint that quarks are not the
appropriate degrees of freedom for small energies. Instead, QCD’s low energy degrees
of freedom are hadrons. Moreover, both QED and 𝑈(1)𝑌 have a Landau pole at high
energies.

In addition, most of the parameters of the SM are in the quark sector. Both the masses
and the entries of the CKM matrix show distinct hierarchies which are not motivated by
the SM. There are numerous BSM models which can explain the observed hierarchies by
introducing further flavor symmetries. An example are Frogatt-Nielson extensions [102].

Currently there is no evidence for a direct detection of physics beyond the SM. However,
there are several hints from indirect searches in 𝐵-decay observables and anomalous
magnetic moments of charged leptons:

• Deviations of anomalous magnetic moments of up to 4.1 𝜎 [15–17] and 2.4 𝜎 [18, 19]
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for muons and electrons, respectively.

• Deviations in branching ratios of 𝑏 → 𝑠𝜇+𝜇− decays [20–24].

• Deviations in angular observables of 𝐵 → 𝐾∗𝜇+𝜇− [25–29].

• Deviations from the lepton flavor universality in 𝑅𝐾(⋆) [30–35].

• Deviations from the lepton flavor universality in 𝑅𝐷(⋆) [36–54]. However, the last
measurement of 𝑅𝐷(∗) by Belle is compatible with the SM within 1.2 standard
deviations [52].

Due to the large number of deviations in |𝛥𝑏| = |𝛥𝑠| = 1 transitions, it is necessary to
study 𝑐 → 𝑢 FCNCs, which are the counterparts in the up-type sector, to investigate the
flavor structure of the SM and possible new physics.

2.5 Flavor changing neutral currents and the GIM mechanism
Within the Standard Model, the neutral currents via 𝑍 boson, photons, and gluons preserve
flavor. Changes of the quark flavor are only possible via the charged 𝑊 bosons. Thus,
there are no FCNC transitions at tree level in the SM. However, they are induced at loop
level. An example for a Feynman diagram with a 𝑐 → 𝑢 transition is shown in Figure 2.1.
The two vertices of the quark line with the virtual 𝑊 boson change the quark flavor twice,
allowing a 𝑐 quark to be converted into an 𝑢 quark. Within the loop, all down-type quarks
can occur. The generic structure of the decay amplitude for a 𝑐 → 𝑢 transition is given by

𝒜(𝑐 → 𝑢) = 𝑉 ∗
𝑐𝑑𝑉𝑢𝑑𝑓 (�̃�2

𝑑) + 𝑉 ∗
𝑐𝑠𝑉𝑢𝑠𝑓 (�̃�2

𝑠) + 𝑉 ∗
𝑐𝑏𝑉𝑢𝑏𝑓 (�̃�2

𝑏) , (2.37)

where �̃�𝑖 = 𝑚𝑖/𝑚𝑊 is the ratio of the down-type quark and 𝑊 boson masses. Furthermore,
𝑓 denotes an process dependent, continuous loop function which is suppressed by a factor
of 𝑔2/16𝜋2. Therefore, all processes that arise only at one-loop level are called loop
suppressed. Furthermore, we can make use of the unitarity of the CKM matrix and the
relation

𝑉 ∗
𝑐𝑑𝑉𝑢𝑑 = −𝑉 ∗

𝑐𝑠𝑉𝑢𝑠 − 𝑉 ∗
𝑐𝑏𝑉𝑢𝑏 (2.38)

to eliminate the factor 𝑉 ∗
𝑐𝑑𝑉𝑢𝑑. Thus, the amplitude is given by

𝒜(𝑐 → 𝑢) = 𝑉 ∗
𝑐𝑠𝑉𝑢𝑠 [𝑓 (�̃�2

𝑠) − 𝑓 (�̃�2
𝑑)] + 𝑉 ∗

𝑐𝑏𝑉𝑢𝑏 [𝑓 (�̃�2
𝑏) − 𝑓 (�̃�2

𝑑)] . (2.39)

The first term in (2.39) is suppressed by the small difference in 𝑠 and 𝑑 masses compared to
the 𝑊 boson mass, while the second is subject to strong CKM suppression 𝑉 ∗

𝑐𝑏𝑉𝑢𝑏 ∝ 𝜆5 ≈
5.8 ⋅ 10−4. The suppression of FCNCs in the SM is known as the Glashow-Iliopolus-Maiani
(GIM) mechanism [92].

- 11 -- 11 -



2 The standard model of particle physics

𝑞 = 𝑑, 𝑠, 𝑏

𝑊 +
𝑐

𝑉 ∗
𝑐𝑞 𝑉𝑢𝑞

𝑢

Figure 2.1: Feynman diagramm of the FCNC 𝑐 → 𝑢 in the SM.

2.6 Approximate symmetries of the QCD Lagrangian

The most challenging part of calculating amplitudes of hadron decays is the evaluation of
the hadronic matrix elements. Exploiting the approximate symmetries of QCD is a key
ingredient in the discussion of charm decays. On the one hand, they allow to determine
relations between decay constants, form factors or even whole decay amplitudes, as in the
case of 𝑆𝑈(3)𝐹. On the other hand they provide a method for a systematic determination
of the amplitude in a perturbative series as in the case of chiral perturbation theory (𝜒PT)
or the heavy quark effective theory (HQET). As it can be seen from the Lagrangian of
QCD (2.11), the couplings to gluons are identical for all quarks. Thus, in QCD, the
quarks only differ in their masses (see Table 2.2). Therefore, all mentioned approximate

𝑚𝑢(2GeV) 𝑚𝑑(2GeV) 𝑚𝑠(2GeV) 𝑚𝑐(𝑚𝑐) 𝑚𝑏(𝑚𝑏) 𝑚𝑡(𝑚𝑡)
0.0022GeV 0.0047GeV 0.095GeV 1.275GeV 4.18GeV 173.0GeV
Table 2.2: Quark masses 𝑚𝑞(𝜇) at the energy scale 𝜇 in the MS scheme [103].

symmetries are based on assumptions concerning the quark masses or their differences,
respectively. In general, quarks can be classified into two categories by the typical energy
scale of QCD 𝜆QCD ∼ 0.3GeV. For the light quarks (𝑢, 𝑑, 𝑠) the mass is smaller than
𝜆QCD, while for the heavy quarks (𝑐, 𝑏, 𝑡) 𝑚𝑄 > 𝜆QCD applies.

2.6.1 𝑆𝑈(3)𝐹𝑆𝑈(3)𝐹𝑆𝑈(3)𝐹

At first, we will focus on the light quarks. Since the mass differences between the light
quarks are small compared to 𝜆QCD, we can neglect the mass differences as a first order
approximation. Thus, the Lagrangian

ℒQCD ⊃ ̄𝑞(𝑖 /𝐷 + �̄�)𝑞 − 1
4

𝐺𝜇𝜈
𝑎 𝐺𝑎𝜇𝜈 (2.40)

is obtained, where 𝑞 = (𝑢, 𝑑, 𝑠) and �̄� denotes the mass matrix, which is proportional
to the unit matrix. This Lagrangian is invariant under a global 𝑆𝑈(3)𝐹 transformation
𝑞 → 𝑈𝐹𝑞, where 𝑞 transforms as a triplet. Bound states consisting of two or more light
quarks are in irreducible representations which arise from the decomposition of the triplet
products [104]. Thus, for the light mesons, an octet and a singlet are obtained. The triplet
products of three quark triplets decompose into the light baryon decuplet, octet and a

- 12 -- 12 -



2.6 Approximate symmetries of the QCD Lagrangian

I3

Y

−1

0

1

− 3
2

−1 − 1
2

0 1
2

1 3
2

π0, η8
η0

π+π−

K+K0

K0K−

I3

Y

−1

0

1

− 3
2

−1 − 1
2

0 1
2

1 3
2

Λ,Σ0 Σ+Σ−

pn

Ξ0Ξ−

I3

Y

−2

−1

0

1

−2 − 3
2

−1 − 1
2

0 1
2

1 3
2

2

∆++∆+∆0∆−

Σ∗+Σ∗0,Λ∗Σ∗−

Ξ∗0Ξ∗−

Ω−

Figure 2.2: Weight diagrams for the octet and singlet of light pseudoscalar mesons as
well as the decuplet, octet and singlet of light baryons. The singlet states are denoted
by blue circles. 𝐼3 and 𝑌 denote the third component of isospin and the hypercharge,
respectively. Note that they are not identical to the previously introduced weak isospin
and weak hypercharge.

singlet as

3 ⊗ 3 = 8 ⊕ 1 ,
3 ⊗ 3 ⊗ 3 = 10 ⊕ 8 ⊕ 8 ⊕ 1 .

(2.41)

Weight diagrams for light meson and baryon multiplets are shown in Fig. 2.2.
Moreover, the heavy hadrons can be arranged in 𝑆𝑈(3)𝐹 multipletts according to

their light (anti)quarks. The three pseudoscalar charm mesons 𝐷0, 𝐷+ and 𝐷𝑠 form a 3
representation. The same applies for the corresponding vector states. The charm baryons
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Figure 2.3: Weight diagrams for the anti-triplet and sextet of charm baryons.

form an anti-triplet and a sextet representation according to

3 ⊗ 3 = 3 ⊕ 6 . (2.42)

The 3 includes the 𝛬𝑐, 𝛯0
𝑐 and 𝛯+

𝑐 baryons. The light diquark system has a total spin
of 𝑠𝑙 = 0. Thus, there are no other degenerate baryons with different total spin. The 6
representation includes the 𝛴0

𝑐 , 𝛴+
𝑐 , 𝛴++

𝑐 , 𝛯′0
𝑐 , 𝛯′+

𝑐 and the 𝛺0
𝑐 baryon. Due to the total

spin of the diquark system of 𝑠𝑙 = 1 there is an analogous sextet with spin 3/2. Weight
diagrams for the heavy baryon multiplets are shown in Fig. 2.3.

The 𝑆𝑈(3)𝐹 has a total of three 𝑆𝑈(2) subgroups, each of which acting only on a subset
of two quarks. The isospin (𝑆𝑈(2)𝐼), U-Spin (𝑆𝑈(2)𝑈) and V-Spin (𝑆𝑈(2)𝑉) symmetry
act on doublets containing (𝑢, 𝑑), (𝑑, 𝑠) and (𝑢, 𝑠), respectively. The representations of
quarks as well as all mesons and baryons relevant to this work are given in Table E.1
and E.2. However, the 𝑆𝑈(3)𝐹 is just an approximate symmetry. Therefore, the states
from the multipletts are not exactly equivalent to the physical states. Thus, the relations
between decay constants, form factors and amplitudes are not exact. While the isospin
breaking effects 𝒪 ( 𝑚𝑢−𝑚𝑑

𝜆QCD
) are negligible for our purpose, the 𝑈- and 𝑉-spin breaking

effects 𝒪 ( 𝑚𝑠−𝑚𝑑/𝑢
𝜆QCD

) are sizable. In our numerical evaluation, we assume corrections of
30%. Note that data on semileptonic charm baryon decays indicate a substantial breaking
of 𝑆𝑈(3)𝐹 [105]. However, improved data is needed to draw firm conclusions.

2.6.2 Chiral perturbation theory

In the low energy region, the strong coupling constant increases into the non perturbative
region, causing quarks and gluons to form bound states. Thus, the normal QCD Lagrangian
and the associated perturbation theory are not suitable for calculating hadronic effects.
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Therefore, an effective field theories (EFT) framework, which is not described by quark
and gluon fields, but in terms of hadronic fields, is required. The EFT is required to
satisfy the same symmetries as the usual QCD Lagrangian. Furthermore, a suitable
expansion parameter is required, which allows a systematic calculation of hadronic effects
using perturbation theory. The concept introduced in this section is known as chiral
perturbation theory (𝜒PT) [106–108]. 𝜒PT is suitable for the description of hadrons,
which consist of 𝑢, 𝑑 and 𝑠 quarks, and their interactions. This concept is based on an
approximate symmetry, which arises when the light quark masses are neglected. In this
case, the QCD Lagrangian can be written in terms of left- and right-handed fields as

ℒQCD = 𝑖 ̄𝑞𝐿 /𝐷𝑞𝐿 + 𝑖 ̄𝑞𝑅 /𝐷𝑞𝑅 − 1
4

𝐺𝜇𝜈
𝑎 𝐺𝑎𝜇𝜈 . (2.43)

Apparently, the Lagrangian is invariant under a global 𝑆𝑈(3)𝐿 ×𝑆𝑈(3)𝑅 symmetry, which
is commonly known as chiral symmetry. The quark triplets transform as

𝑞𝐿 → 𝑈𝐿𝑞𝐿 , 𝑞𝑅 → 𝑈𝑅𝑞𝑅 , (2.44)

where 𝑈𝐿 ∈ 𝑆𝑈(3)𝐿 and 𝑈𝑅 ∈ 𝑆𝑈(3)𝑅. As a consequence of chiral symmetry, degenerate
meson multipletts with opposite parity would be expected. However, such a degeneracy
could not be confirmed experimentally. The pseudoscalar meson octet is lighter than the
scalar states. Thus, the ground state of QCD cannot obey the chiral symmetry. Instead, it
breaks the chiral symmetry 𝑆𝑈(3)𝐿 × 𝑆𝑈(3)𝑅 → 𝑆𝑈(3)𝐿+𝑅. According to the Goldstone
theorem [109, 110], eight massless pseudoscalar bosons appear in the theory due to the
eight broken axial generators. Moreover, the chiral symmetry is explicitly broken by the
non-zero quark masses, giving rise to mass terms for the Goldstone bosons proportional to
the quark masses. The Goldstone bosons can be identified as a light pseudoscalar meson
octet and combined in the unitary matrix

𝑢 = exp( i𝛱
𝑓

) , 𝛱 =
⎛⎜⎜⎜
⎝

𝜋0
√

2 + 𝜂8√
6 𝜋+ 𝐾+

𝜋− − 𝜋0
√

2 + 𝜂8√
6 𝐾0

𝐾− 𝐾0 −2𝜂8√
6

⎞⎟⎟⎟
⎠

, (2.45)

which transforms as 𝑢 → 𝑈𝑅𝑢𝑈†
𝐿. Here, 𝑓 denotes the pion decay constant. At this point

we are able to define an effective low-energy theory of QCD which is described in terms
of mesonic degrees of freedom. To do so, we have to define the most general Lagrangian
satisfying 𝑃-, 𝐶-, 𝑇-, Lorentz-invariance as well as the chiral symmetry. In general, the
Lagrangian can be written as a series of terms with increasing number of derivatives or
momenta, respectively. The small expansion parameter in the 𝑝 expansion of 𝜒PT is
𝑝/𝛬𝜒PT, where 𝛬𝜒PT is the energy scale of chiral symmetry breaking of 𝒪(1GeV). Due
to the parity conservation of QCD, however, only even numbers of derivatives are allowed.
To lowest order in derivatives, the effective chiral Lagrangian can be written as

ℒ2 = 𝑓2

4
Tr (∂𝜇𝑢†∂𝜇𝑢) . (2.46)

To this extend, chiral perturbation theory is an effective theory which only describes
strong interactions of light octet mesons. To integrate further interactions such as the
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electromagnetic or weak interaction into this framework, the Lagrangian in (2.43) has to
be generalized to include external hermitian currents called spurions

ℒ = ℒQCD + ̄𝑞𝛾𝜇(𝑣𝜇(𝑥) + 𝛾5𝑎𝜇)𝑞 − ̄𝑞(𝑠(𝑥) − 𝑖𝛾5𝑝(𝑥))𝑞 . (2.47)

To preserve the chiral symmetry the spurions have to transform according to

𝑟𝜇 = 𝑣𝜇 + 𝑎𝜇 → 𝑈𝑅𝑟𝜇𝑈†
𝑅 + 𝑖𝑈𝑅∂𝜇𝑈†

𝑅 ,

𝑙𝜇 = 𝑣𝜇 − 𝑎𝜇 → 𝑈𝐿𝑟𝜇𝑈†
𝐿 + 𝑖𝑈𝐿∂𝜇𝑈†

𝐿 ,

𝑠 + 𝑖𝑝 → 𝑈𝑅(𝑠 + 𝑖𝑝)𝑈†
𝐿 .

(2.48)

Since the spurions are supposed to include the electromagnetic and weak interactions, the
chiral symmetry becomes a local symmetry. As a consequence, the spurions 𝑙𝜇 and 𝑟𝜇 can
only be incorporated to the Lagrangian by a covariant derivative

𝐷𝜇𝑢 = ∂𝜇𝑢 − 𝑖𝑟𝜇𝑢 + 𝑖𝑢𝑙𝜇 (2.49)

and by non abelian field strength tensors

𝐹 𝜇𝜈
𝑙 = ∂𝜇𝑙𝜇 − ∂𝜈𝑙𝜇 − 𝑖 [𝑙𝜇, 𝑙𝜈] , 𝐹 𝜇𝜈

𝑟 = ∂𝜇𝑟𝜇 − ∂𝜈𝑟𝜇 − 𝑖 [𝑟𝜇, 𝑟𝜈] . (2.50)

Based on the symmetries of QCD and the transformation properties under chiral symmetry,
the leading order Lagrangian is given as

ℒ𝜒PT = 𝑓2

4
Tr ((𝐷𝜇𝑢)†𝐷𝜇𝑢) + 𝑓2𝐵0

2
Tr ((𝑠 + 𝑖𝑝)𝑢† + 𝑢(𝑠 − 𝑖𝑝)) , (2.51)

where 𝐵0 = 𝑚2
𝜋/(𝑚𝑢 + 𝑚𝑑).

2.6.3 Heavy quark effective theory
Since the masses of the heavy quarks are larger than 𝜆QCD, neglecting their masses is
not a reasonable approximation. Accordingly, they cannot be included in the framework
of chiral perturbation theory. Thus, a different approach is required. For quarks with a
mass which is large compared to 𝜆QCD, a complementary approximation 𝑚𝑄 → ∞ would
be reasonable. The corrections to this approximation arise as an expansion in the small
parameter 𝜆QCD/𝑚𝑄. The effective theory which follows this approach is known as heavy
quark effective theory (HQET).

The momentum transfer between the quarks of a meson 𝐻, which consists of a heavy
quark 𝑄 and a light antiquark ̄𝑞, is of order 𝜆QCD. Thus, the velocity of the heavy quark
changes only slightly due to 𝛥𝑣 = 𝛥𝑝/𝑚𝑄. In the heavy quark limit it is in fact constant.
Thus, the heavy quark in the meson acts as a static color source. Therefore, the dynamics
of the meson emerge from the ̄𝑞. Hence, a heavy meson 𝐻 can be seen as the QCD
analogue to the hydrogen atom.

Let us first consider a heavy quark with momentum 𝑝 = 𝑚𝑄𝑣 + 𝑘, where 𝑘 ≪ 𝑚𝑄
denotes the residual momentum, which describes how much the quark is off-shell. The
Dirac propagator of 𝑄 becomes

𝑖
/𝑝𝑄

+ 𝑚𝑄

𝑝2 − 𝑚2
𝑄 + 𝑖𝜖

→ 𝑖 1 + /𝑣
2𝑣 ⋅ 𝑘 + 𝑖𝜖

(2.52)
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in the heavy quark limit. At leading order, the propagator includes a velocity-dependent
projector (1 + /𝑣)/2, which would act on the spinor of a heavy quark. Accordingly, for the
formulation of an effective Lagrangian, it is convenient to use velocity dependent quark
fields

𝑄(𝑥) = exp(−𝑖𝑚𝑄𝑣 ⋅ 𝑥)(𝑄𝑣(𝑥) + 𝒬𝑣(𝑥)) ,

𝑄𝑣(𝑥) = exp(𝑖𝑚𝑄𝑣 ⋅ 𝑥)1 + /𝑣
2

𝑄(𝑥) ,

𝒬𝑣(𝑥) = exp(𝑖𝑚𝑄𝑣 ⋅ 𝑥)1 − /𝑣
2

𝑄(𝑥) .

(2.53)

The field 𝑄𝑣 also contains the projector (1 + /𝑣)/2 and is thus responsible for the leading
effects in the 1/𝑚𝑄 evolution. The 𝒬𝑣 field, on the other hand, is only relevant for
corrections in the 1/𝑚𝑄 evolution. By the prefactor exp(−𝑖𝑚𝑄𝑣 ⋅ 𝑥) the momentum of
the fields 𝑄𝑣 and 𝒬𝑣 is reduced by 𝑚𝑄𝑣 and thus is equal to the residual momentum. At
leading order, the effective Lagrangian

ℒ𝑄 = ∑
𝑖=𝑐,𝑏

�̄�𝑖
𝑣(𝑖𝑣 ⋅ 𝐷)𝑄𝑖

𝑣 . (2.54)

depends neither on the masses nor on the spins of the heavy quarks. Therefore, ℒ𝑄 has a
𝑈(4) spin-flavor symmetry. Consequently, an exchange of the heavy flavors or a change
of the spin does not affect the dynamics of a process. The 1/𝑚𝑄 corrections introduce
both explicit dependencies on the quark masses and terms that depend on the spin of the
quarks, which breaks the spin-flavor symmetry.

In the heavy quark limit, hadrons containing a heavy quark as well as light (anti)quarks
and gluons form doublets with total spin 𝑠 = 𝑠𝑙 ± 1/2, where 𝑠𝑙 is the spin of the light
degrees of freedom, due to the heavy quark spin symmetry. An exception are hadrons
with 𝑠𝑙 = 0. This degeneracy is broken by corrections of order 1/𝑚𝑄 which introduce a
dependence on the spin of the heavy quark. For an effective theory of heavy hadrons, it
is useful to combine the degenerate states from one spin doublets into one object that
transforms linearly under heavy quark symmetry. In the case of heavy 𝑄 ̄𝑞 mesons, such
as 𝐷 and 𝐷∗ mesons, the doublet is represented by 4 × 4 matrices

𝐻𝑎 = 1 + /𝑣
2

(𝑃 ⋆
𝑎𝜇𝛾𝜇 − 𝑃𝑎𝛾5) ,

�̄�𝑎 = 𝛾0𝐻†
𝑎𝛾0 = (𝑃 ⋆†

𝑎𝜇𝛾𝜇 + 𝑃 †
𝑎 𝛾5) 1 + /𝑣

2
,

(2.55)

where 𝑃 ⋆(†)
𝑎𝜇 , 𝑃 (†)

𝑎 annihilate (create) a heavy vector and pseudoscalar meson ℎ𝑎 with quark
flavor content 𝑐𝑞𝑎 and velocity 𝑣, respectively. The annihilation operators are normalized
as

⟨0|𝑃𝑎|ℎ𝑎(𝑣)⟩ = 1 ,
⟨0|𝑃 ⋆𝜇

𝑎 |ℎ⋆
𝑎(𝑣, 𝜂)⟩ = 𝜂𝜇 .

(2.56)

In section 4.2.2 we use the framework of heavy hadron chiral perturbation theory (HH𝜒PT),
which combines chiral and heavy quark symmetry to provide a description of weak radiative
𝐷 meson decays. For detailed introductions to the concept of heavy quark effective theory
we refer to [111–114]
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3 The weak effective theory for 𝑐 → 𝑢𝛾𝑐 → 𝑢𝛾𝑐 → 𝑢𝛾
transitions

So far, direct searches for new particles beyond the SM have not been successful. Instead,
experimental results agree to an impressive precision with the predictions of the SM,
except for the flavor anomalies and the anomalous magnetic moments mentioned in section
2.4. The subsequent tight constraints on BSM physics permit two possibilities. On the
one hand, light particles with tiny couplings to the SM content can be introduced, making
their production in collider experiments very unlikely. On the other hand, it is possible to
introduce new particles with masses which are beyond reach of current collider setups.
Thus, the energy scale of new physics will be clearly separated from the electroweak
scale. Besides that, we have little knowledge about the nature and structure of BSM
physics. A common framework for indirect searches for new physics of the second category
are EFTs, which take advantage of the separations between the different energy scales
and allow model independent analyses. Model independent in this context means that,
with the exception of the separation of scales, there are no explicit requirements on the
BSM model. EFTs parameterize interactions by effective operators that include only the
relevant, i.e. light, degrees of freedom. The heavy states no longer appear explicitly in
the operators, but are absorbed in effective couplings called Wilson coefficients. These,
in turn, are independent of the light degrees of freedom. Due to the decoupling of light
and heavy degrees of freedom, it is possible to test the SM without explicitly calculating
the contributions of a BSM model to an observable. The results of model-independent
analyses can subsequently be used as orientation for model-building. The validity of the
EFT approach is ensured by the decoupling theorem [115].

3.1 The concept of weak effective theory
A historical example of such an EFT is Fermi’s theory of the weak interaction [116]. It
describes low energy processes of the weak interaction such as 𝛽- or 𝜇-decays without
the massive 𝑊 ± and 𝑍 bosons. Since the typical energy scale of these processes is low
compared to the W boson mass, the propagators can be evolved in powers of 𝑝2/𝑚2

𝑊,
where 𝑝 is the characteristic four momentum of the process. Thus, an effective Lagrangian
can be defined as an expansion in local operators

ℒFermi = 4𝐺𝐹√
2

𝐽†
𝜇𝐽𝜇 + 𝒪 ( 𝑝2

𝑚2
𝑊

) , (3.1)

where the information on the heavy degrees of freedom are absorbed by the Fermi coupling
𝐺𝐹 =

√
2𝑔2/(8𝑚2

𝑊). The charged current of the weak interaction

𝐽𝜇 = �̄�′𝑖
𝐿𝛾𝜇𝑉𝑖𝑗𝑑′𝑖

𝐿 + ̄𝜈′𝑖
𝐿 𝛾𝜇𝑒′𝑖

𝐿 . (3.2)
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3 The weak effective theory for 𝑐 → 𝑢𝛾 transitions

includes only the relevant light degrees of freedom. However, beyond tree level we have to
consider radiative corrections from QED and QCD. The small coupling of QED ensures
the applicability of perturbation theory. Moreover, QED loop corrections are small and
usually only of interest for leptonic processes in which QCD is not involved. For weak
decays containing quarks, QCD corrections are dominant. Due to the large coupling of
QCD at low energy scales as well as arising large logarithms, however, problems arise when
applying normal perturbation theory. In the following, the method of renormalization
group improved perturbation theory, which is used to avoid the problem of large logarithms,
is introduced using the example of 𝑏 → 𝑐𝑑�̄� transitions.

The effective Lagrangian for 𝑏 → 𝑐𝑑�̄� transitions is given by

ℒweak
eff = 4𝐺𝐹√

2
𝑉𝑐𝑏𝑉 ∗

𝑢𝑑

2
∑
𝑖=1

𝐶𝑖(𝜇)𝑂𝑖(𝜇) . (3.3)

Here, the 𝐶𝑖 denote the Wilson Coefficients which parametrize the radiative corrections
from QCD (and QED) and incorporate the information from high energy scales. The
effective operators describe the low-energy dynamics and are given in terms of light degrees
of freedom. All particles with a mass 𝑚 > 𝑚𝑏 are considered to be heavy degrees of
freedom and have therefore been integrated out. A common basis for the operators reads

𝑂1 = ( ̄𝑑𝐿𝛾𝜇𝑇 𝑎𝑢𝐿) (𝑐𝐿𝛾𝜇𝑇 𝑎𝑏𝐿) , 𝑂2 = ( ̄𝑑𝐿𝛾𝜇𝑢𝐿) (𝑐𝐿𝛾𝜇𝑏𝐿) , (3.4)

where the operator 𝑂1 arises at one-loop level of QCD due to the non abelian structure
of the QCD gauge group. The Wilson coefficients are determined by comparing the
amplitudes in the full theory and the effective theory. This procedure is commonly known
as matching. When performing the matching up to a fixed and finite order in perturbation
theory, it turns out that both the Wilson coefficients and the matrix elements of the local
operators can be written as expansions in

𝐿𝑊
𝑖,𝑗 = 𝛼𝑖

𝑠 ln
𝑗 ( 𝜇2

𝑚2
𝑊

) and 𝐿𝑏
𝑖,𝑗 = 𝛼𝑖

𝑠 ln
𝑗 ( 𝜇2

𝑚2
𝑏

) (3.5)

with 0 ≤ 𝑗 ≤ 𝑖, respectively. Here, 𝜇 denotes the common renormalization scale, whose
choice causes a problem. For 𝜇 ≈ 𝑚𝑊, the expansion of the Wilson coefficients in 𝐿𝑊

𝑖,𝑗
converges, but not the expansion of the matrix elements of the local operators in 𝐿𝑏

𝑖,𝑗.
For 𝜇 ≈ 𝑚𝑏 it is the other way around. It is not possible that both expansions converge
for a common choice of the renormalization scale. However, the full amplitude cannot
depend on the exact choice of the value for 𝜇, since it is an unphysical parameter. Thus,
we obtain

d(𝐶𝑖(𝜇)𝑂𝑖(𝜇))
d ln(𝜇)

= d𝐶𝑖(𝜇)
d ln(𝜇)

𝑂𝑖(𝜇) + 𝐶𝑖(𝜇)d𝑂𝑖(𝜇)
d ln(𝜇)

= 0 . (3.6)

If the basis of the operators is complete, the logarithmic derivative of the operators can
again be expressed in terms of the operators

d𝑂𝑖(𝜇)
d ln(𝜇)

= −𝛾𝑖𝑗𝑂𝑗 , (3.7)
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3.2 Effective Lagrangian for weak radiative charm decays

where the matrix 𝛾 is called anomalous dimension matrix (ADM). The ADM can be
written as an expansion in the strong coupling constant

𝛾𝑖𝑗(𝛼𝑠) = ∑
𝑘

𝛾(𝑘)
𝑖𝑗 (𝛼𝑠

4𝜋
)

𝑘+1
. (3.8)

Inserting (3.7) in (3.6) yields the renormalization group equation (RGE) for the Wilson
Coefficients

d𝐶𝑖(𝜇)
d ln(𝜇)

= (𝛾𝑇)𝑖𝑗𝐶𝑗 . (3.9)

The RGE is solved by

𝐶𝑖(𝜇′) = 𝑈𝑖𝑗(𝜇′, 𝜇)𝐶𝑗(𝜇) ,

𝑈𝑖𝑗(𝜇′, 𝜇) = exp(∫
𝑔𝑠(𝜇′)

𝑔𝑠(𝜇)
d𝑔′

𝑠
𝛾𝑗𝑖(𝑔′

𝑠)
𝛽(𝑔′

𝑠)
) ,

(3.10)

where 𝛽 = d𝑔𝑠/d ln(𝜇) is the QCD 𝛽-function. Thus, we are able to evaluate the Wilson
coefficients at the electroweak scale, where the logarithms vanish and the evolution
converges. Subsequently, the RGE can be solved which resumes the large logarithms and
provides the Wilson coefficients at the low energy scale. If we only take the leading term
in the expansion of the ADMs into account, then only the logarithms of the terms 𝐿𝑊

𝑖,𝑖
are resumed where the logarithms and couplings appear in the same order. This is known
as leading logarithm order (LLO) approximation. In order to resum further logarithms,
higher order terms in the expansion of the ADMs have to be taken into account. At
next to leading logarithm order (NLLO) the second order terms in the ADM expansion
are considered and thus the terms 𝐿𝑊

𝑖,𝑖−1 are additionally resumed. For a more detailed
introduction to the concept of EFTs we refer to [117–123]

3.2 Effective Lagrangian for weak radiative charm decays

For our purpose of describing weak radiative decays of charmed hadrons, we require an
EFT analogous to (3.3) which only contains fermions with 𝑚𝑓 ≤ 𝑚𝑐 as well as the photon
and gluon as explicit degrees of freedom. However, when performing the matching at the
scale 𝜇𝑊, the 𝑏 quark has to be considered as a light degree of freedom, and thus emerges
in the operators. Since the light quark masses have to be set to zero to be consistent with
the factorization of scales in the effective Lagrangian [76], the GIM mechanism yields a
perfect cancellation of the loops induced 𝑐 → 𝑢 contributions. Therefore, the effective
Lagrangian for 𝜇𝑏 ≤ 𝜇 ≤ 𝜇𝑊 contains exclusively the four quark operators 𝑂1 and 𝑂2.
The 𝑏 quark is integrated out after the RG evolution to 𝜇𝑏. The corresponding matching
of the EFTs with five and four active quark flavors induces contributions to additional
operators. After the concluding RG evolution to the charm scale 𝜇𝑐, the effective 𝑐 → 𝑢𝛾
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3 The weak effective theory for 𝑐 → 𝑢𝛾 transitions

Lagrangians for CF, SCS and DCS decays are given by [124]

ℒSCS
eff = 4𝐺𝐹√

2
( ∑

𝑞=𝑑,𝑠
𝑉 ∗

𝑐𝑞𝑉𝑢𝑞

2
∑
𝑖=1

𝐶𝑖𝑂
(𝑞,𝑞)
𝑖 +

6
∑
𝑖=3

𝐶𝑖𝑂𝑖 +
8

∑
𝑖=7

(𝐶𝑖𝑂𝑖 + 𝐶′
𝑖 𝑂′

𝑖)) , (3.11)

ℒCF
eff = 4𝐺𝐹√

2
𝑉 ∗

𝑐𝑠𝑉𝑢𝑑

2
∑
𝑖=1

𝐶𝑖𝑂
(𝑠,𝑑)
𝑖 , ℒDCS

eff = 4𝐺𝐹√
2

𝑉 ∗
𝑐𝑑𝑉𝑢𝑠

2
∑
𝑖=1

𝐶𝑖𝑂
(𝑑,𝑠)
𝑖 , (3.12)

neglecting operators with a mass dimension larger than six. The operators are defined a,s

𝑂(𝑞,𝑞′)
1 = (�̄�𝐿𝛾𝜇𝑇 𝑎𝑞′

𝐿) ( ̄𝑞𝐿𝛾𝜇𝑇 𝑎𝑐𝐿) , 𝑂(𝑞,𝑞′)
2 = (�̄�𝐿𝛾𝜇𝑞′

𝐿) ( ̄𝑞𝐿𝛾𝜇𝑐𝐿) ,

𝑂3 = (�̄�𝐿𝛾𝜇𝑐𝐿) ∑
𝑞

( ̄𝑞𝛾𝜇𝑞) , 𝑂4 = (�̄�𝐿𝛾𝜇𝑇 𝑎𝑐′
𝐿) ∑

𝑞
( ̄𝑞𝛾𝜇𝑇 𝑎𝑞) ,

𝑂5 = (�̄�𝐿𝛾𝜇𝛾𝜈𝛾𝜌𝑐𝐿) ∑
𝑞

( ̄𝑞𝛾𝜇𝛾𝜈𝛾𝜌𝑞) , 𝑂6 = (�̄�𝐿𝛾𝜇𝛾𝜈𝛾𝜌𝑇 𝑎𝑐𝐿) ∑
𝑞

( ̄𝑞𝛾𝜇𝛾𝜈𝛾𝜌𝑇 𝑎𝑞) ,

𝑂7 = 𝑒𝑚𝑐
16𝜋2 (�̄�𝐿𝜎𝜇𝜈𝑐𝑅) 𝐹𝜇𝜈 , 𝑂′

7 = 𝑒𝑚𝑐
16𝜋2 (�̄�𝑅𝜎𝜇𝜈𝑐𝐿) 𝐹𝜇𝜈 ,

𝑂8 = 𝑔𝑠𝑚𝑐
16𝜋2 (�̄�𝐿𝜎𝜇𝜈𝑇 𝑎𝑐𝑅) 𝐺𝑎𝜇𝜈 , 𝑂′

8 = 𝑔𝑠𝑚𝑐
16𝜋2 (�̄�𝑅𝜎𝜇𝜈𝑇 𝑎𝑐𝐿) 𝐺𝑎𝜇𝜈 ,

(3.13)
where 𝜎𝜇𝜈 = 𝑖

2 [𝛾𝜇, 𝛾𝜈]. The sums in the QCD penguin operators 𝑂3−6 include all quark
fields with 𝑚𝑞 < 𝜇𝑐. The SM Wilson coefficients

𝐶𝑖(𝜇) = 𝐶(0)
𝑖 (𝜇) + 𝛼𝑠(𝜇)

4𝜋
𝐶(1)

𝑖 (𝜇) + (𝛼𝑠(𝜇)
4𝜋

)
2

𝐶(2)
𝑖 (𝜇) + 𝒪(𝛼3

𝑠(𝜇)) (3.14)

were calculated up to (partly) next-to-next-to leading logarithmic order (NNLLO) in QCD
[76, 125, 126]. The matching of the Wilson coefficients 𝐶1 and 𝐶2 at the electroweak scale
was calculated at next-to-next-to leading order (NNLO). Subsequently, the RG-evolution
to 𝜇𝑏 was performed at NNLLO. Afterwards, the 𝑏-quark was integrated out. The five-
to-four flavor matching was carried out at NLO, leading to non-zero coefficients 𝐶3−8.
Finally, the RG evolution down to the charm scale 𝜇𝑐 was performed at NNLLO. Moreover,
the leading QED corrections were calculated, which are negligible for phenomenological
purpose. Numerical results are listed in Table 3.1. We confirm the typo noted in [65]. The
four-quark operators 𝑂(𝑞,𝑞′)

1,2 receive coefficients of order one. The effects of the remaining
coefficients can be absorbed into an effective coefficient for 𝑂7, which is strongly suppressed
in the SM, |𝐶eff

7 | ≃ 𝒪(0.001) at next-to-next-to leading order [124], due to the efficient
GIM-cancellation. The coefficients 𝐶′

7,8 receive an additional suppression of 𝑚𝑢/𝑚𝑐, and
are therefore not included in Table 3.1. Thus, only the four-quark operators are relevant
for SM analyses. To quantify the uncertainties regarding the scale 𝜇𝑐, we vary 𝜇𝑐 within
[𝑚𝑐/

√
2,

√
2𝑚𝑐]. At leading order in 𝛼𝑠, we obtain [124]

𝐶1 ∈ [−1.28, −0.83] , 𝐶2 ∈ [1.14, 1.06] ,

𝐶+ = 𝐶2 + 1
3

𝐶1 ∈ [0.76, 0.78] , 𝐶− = 𝐶2 − 2
3

𝐶1 ∈ [1.99, 1.61] ,

̃𝐶 = 4
9

𝐶1 + 1
3

𝐶2 ∈ [−0.189, −0.018] .

(3.15)
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3.3 Constraints on 𝐶(′)
7

×(𝛼𝑠/(4𝜋))𝑖 𝐶(𝑖)
1 𝐶(𝑖)

2 𝐶(𝑖)
3 /𝜆𝑑𝑠 𝐶(𝑖)

4 /𝜆𝑑𝑠 𝐶(𝑖)
5 /𝜆𝑑𝑠 𝐶(𝑖)

6 /𝜆𝑑𝑠 𝐶(𝑖)
7 /𝜆𝑑𝑠 𝐶(𝑖)

8 /𝜆𝑑𝑠
𝑖 = 0 -1.0421 1.0949 -0.0038 -0.0625 0.0004 0.0008 0 0
𝑖 = 1 0.3239 -0.0561 -0.0026 -0.0320 0.0000 -0.0002 0.0036 -0.0021
𝑖 = 2 0.0779 -0.0039 -0.0020 -0.0009 0.0001 0.0003 0.0002 -0.0003
∑2

𝑖=0 -0.6402 1.0349 -0.0084 -0.0953 0.0005 0.0009 0.0038 -0.0024
Table 3.1: Wilson coefficients of the 𝑐 → 𝑢(𝑞 ̄𝑞′)𝛾 Lagrangian at partly NNLLO in QCD.
The given values refer to 𝜇𝑐 = 𝑚𝑐. Note that the Wilson coefficients were determined in a
different basis with 𝑂7 = 𝑒𝑚𝑐

𝑔2
𝑠

(�̄�𝐿𝜎𝜇𝜈𝑐𝑅) 𝐹𝜇𝜈 and 𝑂8 = 𝑚𝑐
𝑔𝑠

(�̄�𝐿𝜎𝜇𝜈𝑇 𝑎𝑐𝑅) 𝐺𝑎𝜇𝜈. Further-
more, 𝜆𝑑𝑠 = 𝑉 ∗

𝑐𝑑𝑉𝑢𝑑 + 𝑉 ∗
𝑐𝑠𝑉𝑢𝑠. Note that there is a typo in Table 2.2 of [125] regarding

the sign of 𝐶(1)
6 .

3.3 Constraints on 𝐶(′)
7𝐶(′)
7𝐶(′)
7

Although the electromagnetic dipole operators are irrelevant for SM predictions due to the
negligible effective coefficients, they are of great importance for the search for new physics
with radiative decays. BSM physics can significantly increase the Wilson coefficients
𝐶(′)

7 . Examples of BSM models that have an impact on 𝑐 → 𝑢𝛾 transitions would be
e.g. supersymmetric models with flavor mixing and chirally enhanced gluino loops [124],
leptoquarks [124] or dark matter models [127]. The maximum impact of SM extensions
on the electromagnetic dipole coefficients is given by the model-independent constraints
from experimental data on 𝐷 → 𝜌0𝛾 and 𝐷 → 𝜋ℓℓ decays [68, 75, 128]

|𝐶(′)
7 | ≲ 0.3 . (3.16)

Moreover, in addition to the modulus, the CP violating phase of 𝐶(′)
7 can be constrained

as well. Therefore, we consider the connection between the coefficients of the electromag-
netic and chromomagnetic dipole operators at different scales. These are linked by the
renormalization-group evolution. At leading order in 𝛼𝑠 [124]

𝐶(′)
7 (𝑚𝑐) ≃ 0.4(𝐶(′)

7 (𝛬) − 𝐶(′)
8 (𝛬)) , 𝐶(′)

8 (𝑚𝑐) ≃ 0.4𝐶(′)
8 (𝛬) (3.17)

is valid to roughly 20% if 𝛬, the scale of new physics, is within 1 − 10TeV. For BSM
models predicting dominant chromomagnetic Wilson coefficients 𝐶8(𝛬) > 𝐶7(𝛬) at the
scale of new physics, the CP asymmetries of radiative and hadronic decays are thus
strongly related. In particular, we can constrain the CP violating phase of 𝐶(′)

7 by [129,
130]

𝛥𝐴CP = 𝐴CP(𝐷 → 𝐾+𝐾−) − 𝐴CP(𝐷 → 𝜋+𝜋−) , (3.18)

which was determined by LHCb as 𝛥𝐴CP = −(15.4 ± 2.9) ⋅ 10−4 [131]. The contribution
of new physics by the chromomagnetic dipole operators thus obtains the upper limit
𝛥𝐴NP

CP ∼ Im(𝐶8(𝑚𝑐) − 𝐶′
8(𝑚𝑐)) sin(𝛿) ≲ 2 ⋅ 10−3, where 𝛿 denotes the strong phase

difference. Therefore, for sin(𝛿) ∼ 1 and only one of the coefficients 𝐶(′)
8 , we obtain the

strong constraint on the 𝑐 → 𝑢𝛾 coupling

|Im (𝐶(′)
7 )| ≃ |Im (𝐶(′)

8 )| ≲ 2 ⋅ 10−3 . (3.19)
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3 The weak effective theory for 𝑐 → 𝑢𝛾 transitions

We note that we can ease the 𝛥𝐴CP constraint by suppressing the strong phase 𝛿.
Furthermore, we can bypass the constraint, if 𝐶(′)

7 (𝛬) ≫ 𝐶(′)
8 (𝛬) or due to different

sources of BSM CP violation in the hadronic amplitudes.
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4 Three-body decays 𝐷 → 𝑃𝑃𝛾𝐷 → 𝑃𝑃𝛾𝐷 → 𝑃𝑃𝛾

The most simple hadronic decays based on 𝑐 → 𝑢𝛾 transitions are the resonant two-body
decays 𝐷 → 𝑉 𝛾 and 𝐷 → 𝐴𝛾, where 𝑉 and 𝐴 denote vector mesons and axialvector
mesons, respectively. So far, theoretical studies have mainly focused on the 𝐷 → 𝑉 𝛾
decays, as in [124, 132–137]. Similarly, the only experimental data obtained up to now
fall into this category of decays. The branching ratios and CP asymmetries in Table 4.1
were determined by the Belle, CLEO and BaBar collaborations.

𝐵 (Belle [128]) 𝐴CP (Belle [128]) 𝐵 (CLEO [138]) 𝐵 (BaBar [139])
𝐷0 → 𝜌0𝛾 (1.77 ± 0.31) ⋅ 10−5 0.056 ± 0.156 < 2.4 ⋅ 10−4 -
𝐷0 → 𝜔𝛾 - - < 2.4 ⋅ 10−4 -
𝐷0 → 𝜙𝛾 (2.76 ± 0.21) ⋅ 10−5 −0.094 ± 0.066 < 7.6 ⋅ 10−4 (2.73 ± 0.40) ⋅ 10−5

𝐷0 → 𝐾∗0𝛾 (4.66 ± 0.30) ⋅ 10−4 −0.003 ± 0.020 < 1.9 ⋅ 10−4 (3.22 ± 0.34) ⋅ 10−4

Table 4.1: Currently available experimental data on weak radiative charm decays.

Following the analysis of resonant decays, the study of non-resonant decays 𝐷 → 𝑃𝑃𝛾
is the next logical step. They provide background to the resonant decays as the vector
mesons decay dominantly into two pseudoscalars. However, the additional hadron in
the final state makes the description of the decays more complicated. In return, the
non-resonant decays provide more information due to their decay distributions and angular
observables. Neglecting final states with 𝜂(′), there are a total of 18 different 𝐷 → 𝑃𝑃𝛾
decays, which can be induced by the dimension six operators in (3.12). They are composed
of five CF, eight SCS and five DCS modes

CF: 𝐷0 → 𝜋0𝐾0𝛾 , 𝐷0 → 𝜋+𝐾−𝛾 , 𝐷+ → 𝜋+𝐾0𝛾 , 𝐷𝑠 → 𝜋+𝜋0𝛾 , 𝐷𝑠 → 𝐾+𝐾0𝛾 ,
SCS: 𝐷0 → 𝜋+𝜋−𝛾 , 𝐷0 → 𝜋0𝜋0𝛾 , 𝐷0 → 𝐾+𝐾−𝛾 , 𝐷0 → 𝐾0𝐾0𝛾 ,

𝐷+ → 𝜋+𝜋0𝛾 , 𝐷+ → 𝐾+𝐾0𝛾 , 𝐷𝑠 → 𝜋+𝐾0𝛾 , 𝐷𝑠 → 𝐾+𝜋0𝛾
DCS: 𝐷0 → 𝜋0𝐾0𝛾 , 𝐷0 → 𝐾+𝜋−𝛾 , 𝐷+ → 𝜋+𝐾0𝛾 , 𝐷+ → 𝐾+𝜋0𝛾 , 𝐷𝑠 → 𝐾+𝐾0𝛾 .

(4.1)
We have covered 14 of them in our previous publications [2, 3] and the remaining four are
included in this thesis. 𝐷+ → 𝐾+𝐾0𝛾 and 𝐷𝑠 → 𝜋+𝐾0𝛾 are |𝛥𝑠| = 2 processes and are
thus not induced by dimension six operators. Accordingly, they are not addressed in this
thesis.

This chapter is organized as follows: In section 4.1 we describe the kinematics and
distributions of the decays. We then provide a description of our QCD frameworks in
section 4.2. We use Low’s theorem to describe the bremsstrahlung in subsection 4.2.1.
We work out decay amplitudes using heavy hadron chiral perturbation theory (HH𝜒PT)
in subsection 4.2.2. Finally, we use QCD factorization (QCDF) methods to describe the
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leading weak annihilation (WA) contribution in subsection 4.2.3. We provide both SM
and BSM predictions for (differential) branching ratios, forward-backward asymmetries
and CP asymmetries throughout sections 4.3 to 4.5. Finally, we summarize the results in
section 4.6 and outline the best options for NP searches with 𝐷 → 𝑃𝑃𝛾 decays.

4.1 Kinematics and decay distribution
The most general Lorentz and gauge invariant decomposition of the decay amplitude for
𝐷(𝑃) → 𝑃1(𝑝1)𝑃2(𝑝2)𝛾(𝑘, 𝜖∗) reads

𝒜(𝐷 → 𝑃1𝑃2𝛾) = 𝐴−(𝑠, 𝑡) [(𝑝1 ⋅ 𝑘)(𝑝2 ⋅ 𝜖∗) − (𝑝2 ⋅ 𝑘)(𝑝1 ⋅ 𝜖∗)]
+ 𝐴+(𝑠, 𝑡)𝜖𝜇𝛼𝛽𝛾𝜖∗

𝜇𝑝1𝛼𝑝2𝛽𝑘𝛾 ,
(4.2)

where 𝐴+ and 𝐴− denote the parity-even and parity-odd contributions, respectively. 𝑃,
𝑝1, 𝑝2 and 𝑘 refer to the four-momenta of the 𝐷, 𝑃1, 𝑃2 and photon. The polarization
vector of the photon is labeled as 𝜖∗. Since the 𝐷 meson is a pseudoscalar, the amplitude
depends on two kinematic quantities. We choose 𝑠 = (𝑝1 + 𝑝2)2 and 𝑡 = (𝑝2 + 𝑘)2 which
are the squared invariant masses of the 𝑃1 − 𝑃2 and 𝑃2 − 𝛾 systems, respectively. 𝑃1 and
𝑃2 are assigned according to the listing in (4.1). Thus, for charged final states, we always
denote the positively charged meson as 𝑃1. For the neutral final states, we denote the
𝜋0 or in case of 𝐷0 → 𝐾0𝐾0𝛾 the 𝐾0 as 𝑃1. For the totally antisymmetric Levi-Civita
tensor 𝜖𝜇𝛼𝛽𝛾, we use the convention 𝜖0123 = +1.

As we use squared invariant masses as kinematical variables, the double differential
decay distribution is given in the standard Dalitz form and can be written in terms of the
parity-even and parity-odd contributions as

d2𝛤
d𝑠d𝑡

=
|𝐴−|2 + |𝐴+|2

128(2𝜋)3𝑚3
𝐷

𝑓(𝑠, 𝑡) , (4.3)

where

𝑓(𝑠, 𝑡) = 𝑚2
1(𝑡 − 𝑚2

2)(𝑠 − 𝑚2
𝐷) − 𝑚4

2𝑚2
𝐷

− 𝑠𝑡(𝑠 + 𝑡 − 𝑚2
𝐷) + 𝑚2

2(𝑠𝑡 + (𝑠 + 𝑡)𝑚2
𝐷 − 𝑚4

𝐷)
(4.4)

is a kinematical function, depending on 𝑠, 𝑡 and the masses of the pseudoscalars. Further-
more, the singly differential decay distribution reads

d𝛤
d𝑠

= ∫
𝑡max

𝑡min

d𝑡 d
2𝛤

d𝑠d𝑡
,

𝑡min = (𝑚2
𝐷 − 𝑚2

1 + 𝑚2
2)2

4𝑠
− (√(𝑠 − 𝑚2

1 + 𝑚2
2)2

4𝑠
− 𝑚2

2 + 𝑚2
𝐷 − 𝑠
2
√

𝑠
)

2

,

𝑡max = (𝑚2
𝐷 − 𝑚2

1 + 𝑚2
2)2

4𝑠
− (√(𝑠 − 𝑚2

1 + 𝑚2
2)2

4𝑠
− 𝑚2

2 − 𝑚2
𝐷 − 𝑠
2
√

𝑠
)

2

,

(4.5)

where the kinematically allowed range of the di-meson invariant mass is given by (𝑚1 +
𝑚2)2 ≤ 𝑠 ≤ 𝑚2

𝐷.
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4.2 QCD frameworks

Information about the different QCD frameworks are provided in this section. We start
with Low’s theorem which is used to describe the bremsstrahlung in subsection 4.2.1.
Subsequently, HH𝜒PT is introduced and form factors are worked out in 4.2.2. Finally,
the leading WA diagram is evaluated using QCDF in 4.2.3. The parity even and parity
odd contributions to the decay amplitude are derived for all models. Furthermore, we
provide information on parametric input and the regions of applicability.

4.2.1 Low’s Theorem

For low photon energies, the distributions of 𝐷 → 𝑃𝑃𝛾 are dominated by bremsstrahlung,
which can be described using Low’s theorem [140]. This approach relates the decay
amplitude of the radiative three-body decays with those of the hadronic two-body decays.
Schematic illustrations of the contributions are shown in Figure 4.1. The soft photons

D0

P+

P−

D+
(s)

P+

P 0

Figure 4.1: Schematic representation of the contributions to the bremsstrahlung according
to Low’s theorem. The blue crosses indicate the possible radiations of a photon.

are emitted by the charged mesons in the initial and final state. Thus, there is no
bremsstrahlung for decays without charged mesons. The parity-odd contributions are
given as

𝐴Low
− (𝐷0 → 𝑃 +

1 𝑃 −
2 𝛾) = −𝑒𝒜(𝐷0 → 𝑃 +

1 𝑃 −
2 )

(𝑝1 ⋅ 𝑘)(𝑝2 ⋅ 𝑘)
,

𝐴Low
− (𝐷+

(𝑠) → 𝑃 +
1 𝑃 0

2 𝛾) = −
𝑒𝒜(𝐷+

(𝑠) → 𝑃 +
1 𝑃 0

2 )
(𝑝1 ⋅ 𝑘)(𝑃 ⋅ 𝑘)

,
(4.6)

while 𝐴Low
+ = 0. This approach is valid for photon energies below 𝑚2

𝑃/𝐸𝑃 [141], where 𝑃
refers to the lighter charged meson. The radiation of the photon and the weak two-body
decay factorize. Thus, the only input needed is 𝒜(𝐷 → 𝑃1𝑃2), which we do not predict
with theoretical models. Instead, we extract the modulus from data on branching ratios
using

ℬ(𝐷 → 𝑃1𝑃2) = |𝒜(𝐷 → 𝑃1𝑃2)|2

16𝜋𝑚𝐷𝛤𝐷
√(1 − (𝑚1 + 𝑚2)2

𝑚2
𝐷

) (1 − (𝑚1 − 𝑚2)2

𝑚2
𝐷

) , (4.7)
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where 𝛤𝐷 denotes the total decay witdh of the 𝐷 mesons. We obtain

∣𝒜(𝐷0 → 𝜋+𝐾−)∣ = 2.52 ⋅ 10−6 GeV , ∣𝒜(𝐷0 → 𝐾+𝜋−)∣ = 1.56 ⋅ 10−7 GeV ,
∣𝒜(𝐷0 → 𝜋+𝜋−)∣ = 4.62 ⋅ 10−7 GeV , ∣𝒜(𝐷0 → 𝐾+𝐾−)∣ = 8.38 ⋅ 10−7 GeV
∣𝒜(𝐷+ → 𝜋+𝜋0)∣ = 2.74 ⋅ 10−7 GeV , ∣𝒜(𝐷𝑠 → 𝜋+𝜋0)∣ < 2.11 ⋅ 10−7 GeV ,
∣𝒜(𝐷+ → 𝜋+𝐾0)∣ < 4.70 ⋅ 10−8 GeV , ∣𝒜(𝐷𝑠 → 𝜋+𝐾0)∣ = 5.75 ⋅ 10−7 GeV ,
∣𝒜(𝐷+ → 𝐾+𝜋0)∣ = 1.16 ⋅ 10−7 GeV , ∣𝒜(𝐷𝑠 → 𝐾+𝜋0)∣ = (2.9 ± 0.5) ⋅ 10−7 GeV ,
∣𝒜(𝐷+ → 𝐾+𝐾0)∣ = 6.62 ⋅ 10−7 GeV , ∣𝒜(𝐷𝑠 → 𝐾+𝐾0)∣ = 2.10 ⋅ 10−6 GeV ,
∣𝒜(𝐷+ → 𝜋+𝐾0)∣ = 1.40 ⋅ 10−6 GeV , ∣𝒜(𝐷𝑠 → 𝐾+𝐾0)∣ < 5.36 ⋅ 10−8 GeV .

(4.8)
For three decays only upper limits, referring to a 90% confidence level, can be determined.
For 𝐷𝑠 → 𝜋+𝜋0 this is due to the fact that there is only an upper limit on the branching
ratio. HH𝜒PT implies that the amplitude is smaller by about two orders of magnitude
and, moreover, vanishes in the isospin limit. Excluding 𝐷𝑠 → 𝐾+𝐾0, the branching ratios
for decays with neutral kaons in the final state are not measured. Instead, there are
measurements for the equivalent decays with 𝐾0

S and 𝐾0
L in the final states. The listed

values are extracted from those data. However, this method causes large uncertainties
for the DCS decays. Consequently, only upper limits are given for 𝐷+ → 𝜋+𝐾0 and
𝐷𝑠 → 𝐾+𝐾0 as well. We consider the sizeable uncertainty of the 𝐷𝑠 → 𝐾+𝜋0 amplitude
in our analysis, but neglect them for the other decay channels.

Low’s theorem predicts a singularity for vanishing photon energies in the 𝐷 meson’s
rest frame as the differential decay rate behaves as [142]

d𝛤
d𝑠

∼ 1
𝑚2

𝐷 − 𝑠
. (4.9)

To increase the sensitivity to NP for integrated rates, we perform cuts in 𝑠. In this way,
we remove the contributions of the singularity’s tail, which dominate the distributions for
soft photons.

4.2.2 Heavy Hadron chiral Perturbation Theory
Furthermore, we use the framework of heavy hadron chiral perturbation theory (HH𝜒PT)
which combines the concepts of chiral perturbation theory (section 2.6.2) and heavy quark
effective theory (section 2.6.3) to derive the parity odd and parity even contributions
to the decay amplitude. The model was introduced in [143–145] and is formulated in
terms of the 𝜒PT matrices 𝑢 (2.45) and the heavy meson fields 𝐻 (2.55). Subsequently,
HH𝜒PT was extended by the light vector resonances, which are described by 3×3 matrices
analogous to the 𝜒PT matrices [146, 147]

̂𝜌𝜇 = i 𝑔𝑣√
2

𝜌𝜇 , 𝜌𝜇 =
⎛⎜⎜⎜
⎝

𝜌0
𝜇+𝜔𝜇√

2 𝜌+
𝜇 𝐾⋆+

𝜇

𝜌−
𝜇

−𝜌0
𝜇+𝜔𝜇√

2 𝐾⋆0
𝜇

𝐾⋆−
𝜇 �̄�⋆0

𝜇 𝛷𝜇

⎞⎟⎟⎟
⎠

, (4.10)

where 𝑔𝑣 = 5.9 [148–150]. This model has been used previously to determine hadronic
form factors in the context of semileptonic decays. In addition, predictions for radiative
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two-body decays 𝐷 → 𝑉 𝛾 [134, 135] and three-body decays 𝐷0 → 𝜋+𝐾−𝛾, 𝐷+ → 𝜋+𝐾0𝛾
and 𝐷0 → 𝜋0(𝜂, 𝜂′)𝐾0𝛾 [151, 152] were made with this approach. To define the Lagrangian
and the photon interaction in a simple and compact way, we introduce two currents

𝒱𝜇 = 1
2

(𝑢†𝐷𝜇𝑢 + 𝑢𝐷𝜇𝑢†) ,

𝒜𝜇 = 1
2

(𝑢†𝐷𝜇𝑢 − 𝑢𝐷𝜇𝑢†) ,
(4.11)

where the covariant derivative is given by 𝐷𝜇𝑢(†) = ∂𝜇𝑢(†)+𝑖𝑒𝐵𝜇𝑄𝑢(†). To avoid confusions
between the 𝜒PT current and the photon field, we label the photon field with 𝐵𝜇 in this
section. 𝑄 = diag(2/3, −1/3, −1/3) is the diagonal charge matrix of the light quarks. The
parity-even Lagrangian for the light mesons reads [148–150]

ℒlight = −𝑓2

2
[Tr𝐹 (𝒜𝜇𝒜𝜇) + 𝑎Tr𝐹 ((𝒱𝜇 − ̂𝜌𝜇)2)] + 1

2𝑔2
𝑣
Tr𝐹 (𝐹𝜇𝜈( ̂𝜌)𝐹 𝜇𝜈( ̂𝜌)) , (4.12)

where the field strength tensor of the vector resonances is given by 𝐹𝜇𝜈( ̂𝜌) = ∂𝜇 ̂𝜌𝜈 −∂𝜈 ̂𝜌𝜇 +
[ ̂𝜌𝜇, ̂𝜌𝜈]. In general, 𝑎 is a free parameter. For 𝑎 = 0, the vector mesons interact only
among themselves. For 𝑎 = 2, vector meson dominance (VMD) is obtained. In this case,
there is no direct coupling of a photon to a pseudoscalar. Instead, the photon couples to
the pseudoscalar exclusively via a 𝜌0, 𝜔 or 𝜙 meson. However, in total, the coupling of
photons to pseudoscalars is independent of 𝑎. Similarly, the non resonant contribution to
the matrix element ⟨𝑃1𝑃2| ̄𝑞𝛾𝜇(1 − 𝛾5)𝑞′|0⟩ vanishes in VMD. However, we neither employ
VMD nor exact flavor symmetry. Instead, we set 𝑎 = 1 and take 𝑆𝑈(3)𝐹 breaking effects
into account by replacing the models coupling 𝑔𝑣 →

√
2𝑚2

𝑉/𝑔𝑉, the decay constant 𝑓 and
vector meson masses 𝑚𝑉 = √𝑎/2𝑔𝑣𝑓 by the respective measured parameters. Here, 𝑔𝑉
denotes the vector meson decay constant with mass dimension two defined by

⟨𝑉 (𝑞, 𝜂)|𝑗𝜇
𝑉|0⟩ = 𝜂∗𝜇(𝑞)𝑔𝑉(𝑞2) , (4.13)

where 𝑗𝜇
𝐾∗0,𝐾∗0,𝐾∗±,𝜙 = ̄𝑞𝛾𝜇𝑞′ and 𝑗𝜇

𝜔,𝜌 = 1√
2(�̄�𝛾𝜇𝑢 ± ̄𝑑𝛾𝜇𝑑). The four momentum and

polarization vector of the vector meson are labeled as 𝑞 and 𝜂, respectively. Due to the
replacement of the parameters, the 𝑉 𝛾 interaction from (4.12) modifies to

ℒ𝑉 𝛾 = − 𝑒√
2

𝐵𝜇 (𝑔𝜌𝜌0𝜇 + 1
3

𝑔𝜔𝜔𝜇 −
√

2
3

𝑔𝜙𝜙𝜇) , (4.14)

where we assume 𝑔𝑉(0) ≃ 𝑔𝑉(𝑚2
𝑉) = 𝑚𝑉𝑓𝑉 for our numerical evaluation. Here, 𝑓𝑉 is the

vector meson decay constant with mass dimension one, which is given in appendix A for
the various vector mesons. Furthermore, a parity-odd interaction for the light sector can
be defined by [153]

ℒ𝑉 𝑉 𝑃 = −4𝐶𝑉 𝑉 𝑃
𝑓

𝜖𝜇𝜈𝛼𝛽Tr(∂𝜇𝜌𝜈∂𝛼𝜌𝛽𝛱) , (4.15)

where 𝐶𝑉 𝑉 𝑃 = 3𝑔2
𝑣/(32𝜋2) in case of exact 𝑆𝑈(3)𝐹 symmetry. For our purpose, (4.15) is

only relevant for a 𝑉 𝑃𝛾 interaction via 𝑉 𝛾 conversion. Therefore, we neglect (4.15) and
use an effective 𝑉 𝑃𝛾 Lagrangian instead

ℒ𝑉 𝑃𝛾 = −𝑒𝑔𝑉 𝑃𝛾𝜖𝜇𝜈𝜌𝜎∂𝜇𝐵𝜈∂𝜌𝑉 𝜎𝑃 † + h.c. . (4.16)
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The effective coefficients 𝑔𝑉 𝑃𝛾 can be determined in HH𝜒PT as [137]

𝑔𝜔𝜋𝛾 = 4
𝑔𝜌

𝑚2
𝜌

𝐶𝑉 𝑉 𝑃
𝑓𝜋

> 0 ,

𝑔𝜌𝜋𝛾 = 4 𝑔𝜔
3𝑚2

𝜔

𝐶𝑉 𝑉 𝑃
𝑓𝜋

> 0 ,

𝑔𝐾∗±𝐾±𝛾 = 2 ( 𝑔𝜔
3𝑚2

𝜔
+

𝑔𝜌

𝑚2
𝜌

− 2
3

𝑔𝜙

𝑚2
𝜙

) 𝐶𝑉 𝑉 𝑃
𝑓𝐾

> 0 ,

𝑔𝐾∗𝐾𝛾 = 2 ( 𝑔𝜔
3𝑚2

𝜔
−

𝑔𝜌

𝑚2
𝜌

− 2
3

𝑔𝜙

𝑚2
𝜙

) 𝐶𝑉 𝑉 𝑃
𝑓𝐾

< 0 .

(4.17)

However, we replace the modulus of the effective coefficients with values extracted from
experimental data

𝛤(𝑉 → 𝑃𝛾) =
𝛼em𝑚3

𝑉
24

𝑔2
𝑉 𝑃𝛾 (1 − 𝑚2

𝑃
𝑚2

𝑉
)

3

. (4.18)

The parity-even heavy-meson Lagrangian reads [137, 151]

ℒheavy = 𝑖Tr𝐷 (𝐻𝑎𝑣𝜇 (𝐷𝜇)𝑎𝑏 �̄�𝑏) + 𝑖𝑔Tr𝐷 (𝐻𝑎𝛾𝜇𝛾5(𝒜𝜇)𝑎𝑏�̄�𝑏)

+ 𝑖 ̃𝛽Tr𝐷 (𝐻𝑎𝑣𝜇 (𝒱𝜇 − ̂𝜌𝜇)𝑎𝑏 �̄�𝑏) .
(4.19)

The covariant derivative acting on the heavy meson fields is defined as (𝐷𝜇)𝑎𝑏 𝐻𝑏 =
∂𝜇𝐻𝑎 + (𝒱𝜇)𝑎𝑏 𝐻𝑏 − 𝑖𝑒𝑄𝑐𝐵𝜇𝐻𝑎, where 𝑄𝑐 = 2/3 is the electric charge of the charm quark.
Experimental data on 𝐷∗ → 𝐷𝜋 decays determine the parameter 𝑔 = 0.59 [154, 155]. The
interaction in the last line is not taken into account as the coupling seems to be negligible
small [156]. The parity-odd heavy meson Lagrangian is defined as

ℒ = 𝑖𝜆Tr (𝐻𝑎𝜎𝜇𝜈𝐹 𝜇𝜈( ̂𝜌)𝑎𝑏�̄�𝑏) − 𝜆′𝑒Tr (𝐻𝑎𝜎𝜇𝜈𝐹 𝜇𝜈(𝐵)�̄�𝑎) . (4.20)

The couplings 𝜆 = −0.49 GeV−1 and 𝜆′ = −0.102 GeV−1 were extracted from ratios
𝑅0/+

𝛾 = 𝛤(𝐷⋆0/+ → 𝐷0/+𝛾)/𝛤(𝐷⋆0/+ → 𝐷0/+𝜋). Note that we follow the approach of
Fajfer et al. and omit the replacement of the parameter 𝑔𝑣 in (4.20). The hadronized
weak currents are given by [157, 158]

( ̄𝑞𝑎𝑄)𝜇
V-A ≃ 𝐽𝜇

𝑄 ̄𝑞𝑎
= 1

2
𝑖𝛼Tr (𝛾𝜇(1 − 𝛾5)𝐻𝑏𝑢†

𝑏𝑎) + 𝛼1Tr (𝛾5𝐻𝑏 ( ̂𝜌𝜇 − 𝒱𝜇)𝑏𝑐 𝑢†
𝑐𝑎)

+ 𝛼2Tr (𝛾𝜇𝛾5𝐻𝑏𝑣𝛼( ̂𝜌𝛼 − 𝒱𝛼)𝑏𝑐𝑢†
𝑐𝑎) ,

( ̄𝑞𝑗𝑞𝑖)
𝜇
V-A ≃ 𝐽𝜇

𝑖𝑗 = 𝑖𝑓2 {𝑢 [𝒜𝜇 + 𝑎 (𝒱𝜇 − ̂𝜌𝜇)] 𝑢†}
𝑖𝑗

,

(4.21)

where the parameter 𝛼 = 𝑓ℎ
√𝑚ℎ is fixed by the definition of the heavy meson decay

constants. The parameters 𝛼1 and 𝛼2 can be determined using the 𝐷 → 𝑉 transition form
factors [151]

𝐴1(𝑞2
max) = 2

√𝑚𝐷
𝑚𝐷 + 𝑚𝑉

𝑚2
𝑉

𝑔𝑉
𝛼1 , 𝐴2(𝑞2

max) = 2𝑚𝐷 + 𝑚𝑉

𝑚
3
2
𝐷

𝑚2
𝑉

𝑔𝑉
𝛼2 . (4.22)
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Note that unlike [151], we have again replaced 𝑔𝑣. Furthermore, the sign differs due to our
conventions of the transition form factors, see appendix B.2. We obtain 𝛼1 = 0.188GeV

1
2

and 𝛼2 = 0.086GeV
1
2 using the 𝐷 → 𝐾∗ form factors [159]. The parity-even and

parity-odd SM amplitudes are given in terms of four form factors

𝐴HH𝜒PT
− = 𝐺𝐹𝑒√

2
∑

𝑞,𝑞′∈{𝑑,𝑠}
𝑉 ∗

𝑐𝑞𝑉𝑢𝑞′ [(𝐶2 − 1
6

𝐶1) ∑
𝑖

𝐴(𝑞,𝑞′)
𝑖 + 1

2
𝐶1 ∑

𝑖
𝐸(𝑞,𝑞′)

𝑖 ] ,

𝐴HH𝜒PT
+ = 𝐺𝐹𝑒√

2
∑

𝑞,𝑞′∈{𝑑,𝑠}
𝑉 ∗

𝑐𝑞𝑉𝑢𝑞′ [(𝐶2 − 1
6

𝐶1) ∑
𝑖

𝐵(𝑞,𝑞′)
𝑖 + 1

2
𝐶1 ∑

𝑖
𝐷(𝑞,𝑞′)

𝑖 ] ,
(4.23)

where 𝐴 and 𝐵 belong to the charged current operator (�̄�𝑞′)𝜇𝑉 −𝐴( ̄𝑞𝑐)𝜇
𝑉 −𝐴 ≡ 4𝑂(𝑞,𝑞′)

2 . 𝐷
and 𝐸 belong to the neutral current operator ( ̄𝑞𝑞′)𝜇𝑉 −𝐴(�̄�𝑐)𝜇

𝑉 −𝐴 ≡ 8𝑂(𝑞,𝑞′)
1 + 4𝑂(𝑞,𝑞′)

2 /3.
All Feynman diagrams as well as the non-zero contributions to the form factors are given in
appendix C.1. The form factors are calculated with the naive factorization approximation
for the weak matrix elements. We consider the masses of the pseudoscalars only in their
propagators and in the phase space, but neglect them otherwise. If the intermediate vector
mesons can be on-shell, we use the Breit-Wigner formula for the propagators. A naive
calculation of the diagram 𝐴6,1 using Feynman rules yields an expression which violates
gauge invariance. In order to obtain a gauge invariant amplitude one has to remove the
contributions of longitudinal polarization of the 𝐷+

(𝑠) → 𝑉 +𝑉0 subdiagram. Furthermore,
we replace the bremsstrahlung contributions 𝐴1,2 for 𝐷0 decays and 𝐴1,2,3 and 𝐸1,2 for
𝐷+

(𝑠) decays by (4.6) to enforce Low’s theorem. However, we use the strong and weak
phase of the hadronic two body decays predicted by HH𝜒PT, see appendix C.2. The form
factors of the hadronic two-body decays are independent of the choice of 𝑎. Dependencies
of the 𝐷 → 𝑃𝑃𝛾 form factors on 𝑎 arise from the WA diagramms 𝐷1, 𝐷3 and 𝐵1, 𝐵4
for 𝐷0 and 𝐷+

(𝑠) decays, respectively. The form factors in appendix C.1 are obtained for
𝑎 = 1. To recover the general 𝑎-dependent expressions, the non-resonant and resonant
contributions have to be multiplied with a factor of (2 − 𝑎) and 𝑎, respectively.

To calculate possible BSM contributions of the electromagnetic dipole operators, we
further need an expression of the tensor current in terms of HH𝜒PT quantities. Due to
the equation of motion for heavy quarks 1/2(1 + /𝑣)𝑄 = 𝑄, the heavy V-A and tensor
currents are related as

̄𝑞𝜎0𝑖(1 + 𝛾5)𝑄 = −𝑖 ̄𝑞𝑎𝛾𝑖(1 − 𝛾5)𝑄 . (4.24)

As a consequence, the weak tensor current can be constructed as [160]

̄𝑞𝜎𝜇𝜈(1 + 𝛾5)𝑄 ≃ 𝐽𝜇𝜈
𝑄 ̄𝑞𝑎

= 1
2

𝑖𝛼Tr (𝜎𝜇𝜈(1 + 𝛾5)𝐻𝑏𝑢†
𝑏𝑎)

+ 𝑖𝛼1 (𝑔𝜇𝛼𝑔𝜈𝛽 − 1
2

𝑖𝜖𝜇𝜈𝛼𝛽)Tr(𝛾5𝐻𝑏 [𝛾𝛼 ( ̂𝜌𝛽 − 𝒱𝛽)
𝑏𝑐

− 𝛾𝛽 ( ̂𝜌𝛼 − 𝒱𝛼)𝑏𝑐] 𝑢†
𝑐𝑎)

− 𝛼2Tr (𝜎𝜇𝜈𝛾5𝐻𝑏𝑣𝛼 ( ̂𝜌𝛼 − 𝒱𝛼)𝑏𝑐 𝑢†
𝑐𝑎) ,

(4.25)
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4 Three-body decays 𝐷 → 𝑃𝑃𝛾

where the parameters 𝛼, 𝛼1 and 𝛼2 are the same as in (4.21). We have added the term
∝ 𝛼2, however, it is not relevant for the discussed decays. The 𝐷 → 𝑃1𝑃2 matrix elements
of the tensor currents can be parameterized as

⟨𝑃1𝑃2|�̄�𝜎𝜇𝜈𝑘𝜇(1 ± 𝛾5)𝑐|𝐷⟩ = 𝑚𝐷 [𝑎′𝑝𝜈
1 + 𝑏′𝑝𝜈

2 + 𝑐′𝑃 𝜇 ∓ 2𝑖ℎ′𝜖𝜈𝛼𝛽𝛾𝑝1𝛼𝑝2𝛽𝑘𝛾] . (4.26)

The form factors depend on 𝑠 and 𝑡 and satisfy

𝑎′𝑝1 ⋅ 𝑘 + 𝑏′𝑝2 ⋅ 𝑘 + 𝑐′𝑃 ⋅ 𝑘 = 0 (4.27)

due to gauge invariance. The tensor form factors were also determined for 𝑎 = 1. To
obtain a general expression, the resonant contributions have to be multiplied by a factor
𝑎. Using the parametrization (4.26), the NP amplitudes are obtained as

𝒜NP
− = 𝑖𝐺𝐹𝑒√

2
𝑚𝑐
4𝜋2 (𝐶7 + 𝐶′

7)(𝑏′ − 𝑎′)
𝑣 ⋅ 𝑘

,

𝒜NP
+ = 𝐺𝐹𝑒√

2
𝑚𝑐𝑚𝐷

2𝜋2 (𝐶7 − 𝐶′
7)ℎ′ .

(4.28)

4.2.3 QCD Factorization
Finally, we use QCDF methods [161–163] to calculate the leading WA contributions
𝒪(𝛼0

𝑠(𝜆QCD/𝑚𝑐)1) shown in Fig. 4.2. The term factorization refers to the separation of

c

ū

q

q̄′

q̄′′

q′′

c

d̄, s̄

u

q̄

q̄′′

q′′

D0

P

P

D+
(s)

P

P

Figure 4.2: The WA diagram for 𝐷0 → 𝑃1𝑃2𝛾 on the left and 𝐷+
(𝑠) → 𝑃 +

1 𝑃 0
2 𝛾 on the right.

The blue cross indicates the dominant photon emission from the light quark of the 𝐷
meson. Photon emission from the other quark lines is suppressed by powers of 𝜆QCD/𝑚𝑐
or 𝛼𝑠.

perturbative short distance and non-perturbative long distance contributions. In contrast,
the previously mentioned naive factorization is an approximation in which the matrix
element of the four-quark operator is simplified by a product of two matrix elements with
single quark currents. However, at order 𝛼0

𝑠, QCDF reproduces the naive factorization
[161]. Therefore, the 𝐷 → 𝑃𝑃𝛾 WA amplitude can be written as a product of the 𝑃𝑃
form factors, see appendix (B.1), and the 𝐷 → 𝛾 matrix element [163]

⟨𝛾(𝑘, 𝜖∗)|�̄�𝛾𝜇(1 − 𝛾5)𝑐|𝐷0(𝑃 )⟩ = ∫
d�̃�+
2𝜋

𝛷𝐷0

𝛼𝛽 (�̃�+)𝑇 𝜇
𝛽𝛼(�̃�+) . (4.29)

The light-cone wave function 𝛷𝐷0

𝛼𝛽 is a universal non-perturbative quantity [161]. 𝑇 𝜇
𝛽𝛼

denotes the hard-scattering kernel which is a perturbatively calculable kinematical function
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given in [163]. QCDF is an established method for the calculation of the transition matrix
element (4.29) and has already been used in the context of 𝐵− → ℓ ̄𝜈𝑙𝛾 [163], 𝐵− → ℓ ̄𝜈𝑙ℓ′ ̄ℓ′

[164] decays as well as radiative two body decays 𝐵 → 𝑉 𝛾 [162] and 𝐷 → 𝑉 𝛾 [124]. The
parity-even and parity-odd amplitudes

𝒜WA
− (𝐷0 → 𝑃1𝑃2𝛾) = 𝑖𝐺𝐹𝑒√

2
̃𝐶 𝑓𝐷𝑄𝑢
𝜆𝐷(𝑣 ⋅ 𝑘)

∑
𝑞,𝑞′∈{𝑑,𝑠}

𝑉 ∗
𝑐𝑞𝑉𝑢𝑞′𝑓𝑃1𝑃2

(𝑞,𝑞′)(𝑠) ,

𝒜WA
+ (𝐷0 → 𝑃1𝑃2𝛾) = 𝐺𝐹𝑒√

2
̃𝐶 𝑓𝐷𝑄𝑢
𝜆𝐷(𝑣 ⋅ 𝑘)

∑
𝑞,𝑞′∈{𝑑,𝑠}

𝑉 ∗
𝑐𝑞𝑉𝑢𝑞′𝑓𝑃1𝑃2

(𝑞,𝑞′)(𝑠) ,

𝒜WA
− (𝐷+

(𝑠) → 𝑃 +
1 𝑃 0

2 𝛾) = 𝑖𝐺𝐹𝑒√
2

𝐶2
𝑓𝐷(𝑠)

𝑄𝑑

𝜆𝐷(𝑠)
(𝑣 ⋅ 𝑘)

∑
𝑞∈{𝑑,𝑠}

𝑉 ∗
𝑐𝑑(𝑠)𝑉𝑢𝑞𝑓𝑃 +

1 𝑃 0
2

(𝑞) (𝑠) ,

𝒜WA
+ (𝐷+

(𝑠) → 𝑃 +
1 𝑃 0

2 𝛾) = 𝐺𝐹𝑒√
2

𝐶2
𝑓𝐷(𝑠)

𝑄𝑑

𝜆𝐷(𝑠)
(𝑣 ⋅ 𝑘)

∑
𝑞∈{𝑑,𝑠}

𝑉 ∗
𝑐𝑑(𝑠)𝑉𝑢𝑞𝑓𝑃 +

1 𝑃 0
2

(𝑞) (𝑠) .

(4.30)

are given in terms of three non-perturbative quantities. The decay constants of the 𝐷
mesons 𝑓𝐷(𝑠)

as well as the 𝑃𝑃 form factors are well known. In contrast, 𝜆𝐷(𝑠)
∼ 𝜆QCD is

poorly known and thus source of large theoretical uncertainties. In the following, we use
𝜆𝐷(𝑠)

= 0.1GeV [124], which can be seen as a lower bound. The amplitudes for the neutral
𝐷 meson depend on the color suppressed combination of the Wilson coefficients ̃𝐶 (3.15).
Therefore, the WA amplitudes are suppressed and subject to large scale uncertainties.
However, the 𝐷+

(𝑠) decays are neither suppressed nor do they have a large scale uncertainty.
Furthermore, the WA contributions are independent of 𝑡.

Using the isospin relations

𝑓𝜋+𝜋−

(𝑑,𝑑) (𝑠) = −𝐹 em(𝑠) , 𝑓𝜋+𝜋0

(𝑑) (𝑠) = −
√

2𝐹 em(𝑠) ,

𝑓𝐾+𝐾−

(𝑑,𝑑) (𝑠) = 3𝐹 (𝐼=0)
𝐾+ (𝑠) − 𝐹 (𝐼=1)

𝐾+ (𝑠) , 𝑓𝐾0𝐾0

(𝑑,𝑑) (𝑠) = 3𝐹 (𝐼=0)
𝐾+ (𝑠) + 𝐹 (𝐼=1)

𝐾+ (𝑠)

𝑓𝐾+𝐾−

(𝑠,𝑠) (𝑠) = −3𝐹 𝑠
𝐾+(𝑠) , 𝑓𝐾0𝐾0

(𝑠,𝑠) (𝑠) = −3𝐹 𝑠
𝐾+(𝑠) ,

𝑓𝜋+𝐾−

(𝑠,𝑑) (𝑠) = −𝑓�̄�𝜋−

+ (𝑠) , 𝑓𝐾+𝜋−

(𝑑,𝑠) (𝑠) = −𝑓�̄�𝜋−

+ (𝑠) ,

𝑓𝜋0�̄�0

(𝑠,𝑑) (𝑠) = 1√
2

𝑓�̄�𝜋−

+ (𝑠) , 𝑓𝜋0𝐾0

(𝑑,𝑠) (𝑠) = − 1√
2

𝑓�̄�𝜋−

+ (𝑠) ,

𝑓𝜋+𝐾0

(𝑠) (𝑠) = 𝑓�̄�𝜋−

+ (𝑠) 𝑓𝐾+𝜋0

(𝑠) (𝑠) = − 1√
2

𝑓�̄�𝜋−

+ (𝑠) ,

𝑓𝐾+𝐾0

(𝑑) (𝑠) = 2𝐹 (𝐼=1)
𝐾+ (𝑠) ,

(4.31)

all required form factors can be obtained by the electromagnetic pion and kaon form
factors, as well as the form factors extracted from 𝜏− → 𝜈𝜏𝐾0

S𝜋− decays. Details on
the form factors as well as the isospin relations can be found in appendix B.1 and E.1,
respectively. The decays 𝐷+ → 𝜋+𝐾0𝛾, 𝐷𝑠 → 𝐾+𝐾0𝛾, and 𝐷0 → 𝜋0𝜋0𝛾 do not receive
WA contributions due to their involved quark flavors and isospin symmetry, respectively.
The validity of the QCDF predictions is limited to energetic photons as it is a simultaneous
expansion in 𝜆QCD/𝑚𝑐 and 𝜆QCD/𝐸𝛾. Therefore, we restrict our QCDF predictions to

𝐸𝛾 ≳ 0.5GeV → 𝑠 ≲ 1.5GeV2 . (4.32)
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4 Three-body decays 𝐷 → 𝑃𝑃𝛾

Leading order QCDF does not include contributions from 𝑡 and 𝑢 channel resonances.
These could be added in a phenomenological approach by combining 𝐷 → 𝑃𝑉 amplitudes
[165–167] with the effective 𝑉 𝑃𝛾 interaction in (4.16). Furthermore, QCDF does not
include non-resonant or bremsstrahlung contributions. However, the latter is of minor
importance in the considered region of phase space.

4.3 Branching ratios

We start the discussion of observables with the most simple ones, the branching ratios. In
Figure 4.3 and 4.4, the double differential branching ratios based on HH𝜒PT are shown in
form of Dalitz plots. For decays with charged mesons, the bremsstrahlung is dominant for
high 𝑠. For charged 𝐷 mesons, the largest contributions are located at the diagonal edge
of the phase space. This is not the case for neutral 𝐷 mesons due to the interchange of
momenta in the denominator of (4.6). Large branching ratios also arise at the horizontally
extending edge of the phase space. The exact shape of the bremsstrahlung is determined
by the mass difference of the pseudoscalars in the final state. If the masses are identical,
the bremsstrahlung is symmetrically distributed along both edges of the phase space. For
decays without charged mesons, there is no bremsstrahlung.

Furthermore, the bands generated by resonances in 𝑠, 𝑡 and the third Mandelstam
variable 𝑢 = (𝑝1 + 𝑘)2 are particularly apparent. For 𝐷+

(𝑠) → 𝐾+𝐾0𝛾, 𝐷+ → 𝜋+𝐾0𝛾, and
𝐷𝑠 → 𝐾+𝐾0𝛾, a preference of the 𝑢 channel resonance can be observed, since the 𝑢 channel
contributions of the 𝐵 and 𝐷 form factors interfere constructively, while the 𝑡 channel
contributions interfere destructively. For 𝐷+ → 𝜋+𝐾0𝛾, 𝐷0 → 𝜋0𝜋0𝛾 and 𝐷𝑠 → 𝐾+𝐾0𝛾
there are no 𝑠 channel resonances due to the involved quark flavors. Moreover, the 𝜌+

resonance is not included in phase space for 𝐷𝑠 → 𝐾+𝐾0𝛾 and 𝐷+ → 𝐾+𝐾0𝛾. Thus, no
bands in 𝑠 are seen for these five decays. Furthermore, the large 𝜔𝜋𝛾 coupling results in
distinctive bands for 𝜔 resonances. The non-resonant effects are rather small and only of
importance beyond the bremsstrahlung and the resonances.

In Figure 4.5 and 4.6, we show SM predictions for the SM-like and BSM sensitive
decays, respectively. The results of QCDF, HH𝜒PT and Low’s theorem are shown in blue,
green and red, respectively. The width of the bands represent the theoretical uncertainties
concerning the 𝜇𝑐 dependence of the Wilson coefficients as well as the uncertainty of the
𝐷𝑠 → 𝐾+𝜋0 amplitude. The uncertainties of the QCDF predictions for neutral D mesons
are particularly conspicuous. These are an outcome of the color suppressed combination of
the Wilson coefficients ̃𝐶 (3.15). The bands have a width of about two orders of magnitude
due to the quadratic dependence of the branching ratios on ̃𝐶. The shape of the QCDF
results is essentially given by the 𝑃1 − 𝑃2 form factors. For the final states 𝐾+𝐾0𝛾 no
resonance peak can be identified, since the lowest 𝜌 resonance is not included in the phase
space.

For low photon energies, the HH𝜒PT distributions exhibit the soft photon pole. Due to
the replacement of the model’s own bremsstrahlung contributions by Low’s theorem, the
results asymptotically converge towards the large 𝑠 endpoint. Without the replacement,
the differential branching ratios in this region would be about an order of magnitude
larger. For small and intermediate 𝑠, the distributions are dominated by the resonances.
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Figure 4.3: Dalitz plots for the CF and DCS decay modes based on HH𝜒PT for 𝜇𝑐 = 𝑚𝑐
and the mean value of the 𝐷 → 𝑃1𝑃2 amplitude.
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Figure 4.4: Dalitz plots for the SCS decay modes based on HH𝜒PT for 𝜇𝑐 = 𝑚𝑐 and the
mean value of the 𝐷 → 𝑃1𝑃2 amplitude.
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Figure 4.5: Differential branching ratios based on Low’s Theorem (red), HH𝜒PT (green)
and QCDF(blue) for CF and DCS decays. The darker areas and lines correspond to
the region of applicability for the different models. The QCDF predictions are given for
𝜆𝐷(𝑠)

= 0.1GeV and scale with (0.1GeV/𝜆𝐷(𝑠)
)2.
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Figure 4.6: Differential branching ratios based on Low’s Theorem (red), HH𝜒PT (green)
and QCDF(blue) for SCS decays. The darker areas and lines correspond to the region of
applicability for the different models. The QCDF predictions are given for 𝜆𝐷(𝑠)

= 0.1GeV
and scale with (0.1GeV/𝜆𝐷(𝑠)

)2.

- 38 -- 38 -



4.3 Branching ratios

Comparing the QCDF and HH𝜒PT distributions, we notice that the 𝑠-channel con-
tributions of the QCDF results are about two orders of magnitude larger for charged D
mesons. On the one hand, this can be explained by the small value for 𝜆𝐷(𝑠)

that we use
for our numerical evaluation. On the other hand, however, HH𝜒PT takes the radiation
of the photon from the 𝑐 quark into account. By replacing the remaining parameter 𝑔𝑣
in the WA contributions of the HH𝜒PT form factors, we obtain a simplified expressions
∼ 𝜆′ + 𝑄𝑞𝜆, where 𝑄𝑞 is the charge of the light quark of the 𝐷 meson. Thus, for charged
𝐷 mesons, there is a strong destructive interference between the leading WA term ∼ 𝜆
and the emission of the photon from the 𝑐 quark. For the neutral 𝐷 meson, the terms
interfere constructively.

In Figure 4.7 and 4.8, we compare the SM predictions for decays of neutral and charged
𝐷 mesons with different BSM scenarios. The SM amplitudes are based on HH𝜒PT. We
set one of the BSM coefficients 𝐶(′)

7 to zero and exploit the limit (3.16) for the other.
Moreover, we vary the CP violating phase in steps of 𝜋/2. For 𝐷0 → 𝜋0𝜋0𝛾, the NP
effects are negligible as they are purely non-resonant. The contributions from dipole
operators are also negligible for decays with two kaons, since the phase space does not
include the 𝜌 and 𝜔. For the other decay channels, the differential branching ratios can
be increased by up to one order of magnitude in the region of the s-channel resonance.

The same comparison between SM predictions and BSM scenarios is shown in Figure
4.9 and 4.10 for QCDF. At the 𝑠-channel peak, SM and BSM predictions differ marginally,
especially for 𝐶(′)

7 = 0. The largest discrepancies can be seen above the 𝑠-channel
resonances. For 𝜆𝐷(𝑠)

= 0.1GeV these are less than an order of magnitude. As mentioned
before, leading order QCDF does not include contributions from the 𝑡- and 𝑢-channel
resonances. These would dominate the distributions above the 𝑠-channel peak and
significantly reduce the sensitivity to new physics.

Table 4.2 provides the integrated branching ratios for all decay modes for QCDF
and HH𝜒PT. The branching ratios are given in the region of applicability of the QCD
factorization for both QCDF and HH𝜒PT to enable a comparison. In addition, the
HH𝜒PT branching ratios are given for 𝐸𝛾 ≥ 0.1GeV to avoid the soft photon pole. Here,
𝐸𝛾 = (𝑚2

𝐷 − 𝑠)/(2𝑚𝐷) is the photon energy in the rest frame of the 𝐷 meson. Applying
the same cuts to both models yields values of comparable magnitude for the neutral decay
modes. A large difference only exists for 𝐷0 → 𝜋0𝐾0𝛾, due to the 𝜔 which is included
in the HH𝜒PT prediction. As with the differential branching ratios, QCDF results in
larger values for the decays 𝐷𝑠 → 𝜋+𝜋0𝛾, 𝐷𝑠 → 𝐾+𝐾0𝛾 and 𝐷+ → 𝜋+𝐾0𝛾. We note
that the branching ratio of 𝐷𝑠 → 𝐾+𝐾0𝛾 is two orders of magnitude smaller than that of
𝐷𝑠 → 𝜋+𝜋0𝛾, even though both are CF.
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Figure 4.7: Differential branching ratios for several BSM scenarios of 𝐷0 decays based on
HH𝜒PT.
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Figure 4.8: Differential branching ratios for several BSM scenarios of 𝐷+
(𝑠) decays based

on HH𝜒PT.
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Figure 4.9: Differential branching ratios for several BSM scenarios of 𝐷0 decays based on
QCDF SM predictions.
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Figure 4.10: Differential branching ratios for several BSM scenarios of 𝐷+
(𝑠) decays based

on QCDF SM predictions.
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Table 4.2: Branching ratios for all decay modes. The top, middle and bottom part
correspond to CF, SCS and DCS decays, respectively. The predictions are given in the
region of applicability of QCDF 𝑠 ≤ 1.5GeV2 and for 𝐸𝛾 ≥ 0.1GeV.
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4.4 Forward-Backward asymmetries
For a decay of a 𝐷 meson into at least three final state particles, it is possible to define
angular observables. In the following we consider a forward-backward (FB) asymmetry,
which is defined by

𝐴FB(𝑠) =
∫𝑡0

𝑡min
𝑑𝑡 d2𝛤

d𝑠d𝑡 − ∫𝑡max

𝑡0
𝑑𝑡 d2𝛤

d𝑠d𝑡

∫𝑡0

𝑡min
𝑑𝑡 d2𝛤

d𝑠d𝑡 + ∫𝑡max

𝑡0
𝑑𝑡 d2𝛤

d𝑠d𝑡

,

𝑡0 = 1
2𝑠

(−𝑠2 + 𝑠(𝑚2
𝐷 + 𝑚2

1 + 𝑚2
2) + 𝑚2

𝐷(𝑚2
2 − 𝑚2

1)) ,

(4.33)

where the first (second) term in the numerator corresponds to 0 ≤ cos(𝜃2𝛾) ≤ 1 (−1 ≤
cos(𝜃2𝛾) ≤ 0). Here, 𝜃2𝛾 is the angle between 𝑃2 and the photon in the 𝑃1 − 𝑃2 center-of-
mass frame. Thus, for a FB asymmetry greater than zero, the photon is preferentially
emitted in the direction of the 𝑃2. For a non-vanishing FB asymmetry, the form factors
must exhibit a dependence on 𝑡. Since this is not the case for the leading order WA
contribution in QCDF, 𝐴FB(𝑠) = 0 is predicted for all decay modes.

Figure 4.11 and 4.12 show SM FB asymmetries based on the predictions of HH𝜒PT
for SM-like and BSM sensitive decays, respectively. 𝐴FB is dominated by the virtual
vector resonances and bremsstrahlung. To illustrate this, the FB asymmetries are also
shown without and only with single resonance contributions. The 𝑠-channel resonance
can only contribute to 𝐴FB through interference terms, since they have no dependence on
𝑡. The decays 𝐷+ → 𝜋+𝐾0𝛾, 𝐷0 → 𝜋0𝜋0𝛾, 𝐷𝑠 → 𝐾+𝐾0𝛾 have no 𝑠-channel resonances.
Thus, the associated distributions would be identical to the non-resonant case. The
bremsstrahlung does not lead to an asymmetry for decays of neutral D mesons, provided
that the masses of the pseudoscalars are identical. If there is a mass difference, the
bremsstrahlung leads to an asymmetry which dominates the large 𝑠 region. For decays of
charged D mesons, bremsstrahlung always leads to an asymmetry, since only one of the
final state pseudoscalars is charged and thus can emit a photon.

The decay 𝐷0 → 𝜋0𝜋0𝛾 is symmetric in the two pseudoscalars. Therefore, the form
factors are antisymmetric under the permutation of 𝑝1 ↔ 𝑝2. Consequently, the contribu-
tions in the forward and backward regions cancel each other. Thus, 𝐴FB = 0 holds for
all 𝑠. In case of 𝐷0 → 𝐾0𝐾0𝛾, the flavor structure leads to the fact that only WA-like
diagrams are possible. Since 𝐾0 and 𝐾0 are antiparticles of each other, this also yields
form factors which are antisymmetric under the permutation 𝑝1 ↔ 𝑝2. Thus, 𝐴FB(𝑠) = 0
holds here as well. Similarly, the BSM contributions of 𝐷0 → 𝜋0𝜋0𝛾 and 𝐷0 → 𝐾0𝐾0𝛾
also exhibit the antisymmetry under permutation of 𝑝1 ↔ 𝑝2. Therefore, these decay
channels will not be considered later in the discussion of NP-induced effects.

For 𝐷0 → 𝜋+𝜋−𝛾 and 𝐷0 → 𝐾+𝐾−𝛾 the 𝑡- and 𝑢-channel resonances of the neutral
current operator provide the same contributions to the forward and backward region of
phase space. This symmetry does not exist for the 𝐷0 decays with 𝑃1 ≠ ̄𝑃2. In the case
of the charged current operator, the resonances contribute differently to the forward and
backward region due to the asymmetric factorization of the 𝐵3 diagrams. This effect is
mainly responsible for the shape of the forward-backward asymmetries of 𝐷0 → 𝜋+𝜋−𝛾
and 𝐷0 → 𝐾+𝐾−𝛾.
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Figure 4.11: Forward backward asymmetry based on SM HH𝜒PT predictions for CF and
DCS decays.
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Figure 4.12: Forward backward asymmetry based on SM HH𝜒PT predictions for SCS
decays.
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𝐷0 → 𝜋0𝐾0𝛾 is dominated by the 𝜔 resonance just like 𝐷+ → 𝜋+𝜋0𝛾 and 𝐷+
(𝑠) → 𝐾+𝜋0𝛾.

For 𝐷0 → 𝜋0𝐾0𝛾, the effects of the 𝜔 are much smaller than for 𝐷0 → 𝜋0𝐾0𝛾 due to
different relative signs and the ensuing destructive interference. The 𝜔 does not contribute
to 𝐷𝑠 → 𝜋+𝜋0𝛾 despite the 𝜋0 in the final state. The 𝑡 and 𝑢 channel contributions do
not cancel exactly due to the small difference of the 𝜌0𝜋0𝛾 un 𝜌±𝜋±𝛾 couplings.

Large scale uncertainties in the 𝑡-channel contributions occur for the decays 𝐷+ →
𝜋+𝐾0𝛾, 𝐷𝑠 → 𝐾+𝐾0𝛾, 𝐷+ → 𝜋+𝜋0𝛾 and 𝐷+ → 𝜋+𝐾0𝛾 due to interference of the form
factors 𝐵 and 𝐷. Since the 𝑡-channel resonances dominate the forward region for small
and intermediate 𝑠, the uncertainties are clearly visible in the plots.

We consider the same BSM scenarios for 𝐴FB as for the branching ratios in section
4.3. Since the only 𝑡- dependencies of the dipole operators 𝑂(′)

7 arise from non-resonant
contributions, the most significant BSM effects show up in the form of suppressions of
the partially large SM forward-backward asymmetries predicted by HH𝜒PT. The most
obvious example of this is the decay 𝐷+ → 𝜋+𝜋0𝛾. Apart from this, the largest effects
can be seen for 𝐷0 → 𝜋+𝜋−𝛾 and 𝐷𝑠 → 𝜋+𝐾0𝛾. All non-trivial predictions of HH𝜒PT
are shown in Figure 4.13 and 4.14.

The SM QCDF amplitudes with 𝜆𝐷(𝑠)
= 0.1GeV yield values for 𝐴BSM

FB (𝑠) in the range
of 𝒪(10−3) − 𝒪(10−2) for charged 𝐷 mesons. For 𝜆𝐷(𝑠)

= 0.3GeV, the SM contributions
are significantly suppressed, leading to larger asymmetries. These are usually in the range
of 𝒪(10−2), but occasionally reach values of |𝐴FB(𝑠)| ≲ 0.15. The SM amplitudes are
color-suppressed for neutral 𝐷 mesons, leading to asymmetries of |𝐴FB(𝑠)| ≲ 0.25 even
for small values of of the non-perturbative parameter 𝜆𝐷(𝑠)

= 0.1GeV. It should be noted,
however, that leading order QCDF is not a good model for predicting 𝐴FB as it does not
describe any of the mechanisms inducing an FB asymmetry within the SM.

Overall, it can be stated that new physics can have a significant impact on 𝐴FB.
However, due to the complicated interplay of 𝑠, 𝑡 and 𝑢 channel resonances and the
intrinsic uncertainty of the Breit-Wigner approach, it is difficult to draw firm conclusions
for BSM physics. 𝐴FB is therefore more suitable for testing QCD models.
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Figure 4.13: Forward backward asymmetries beyond the SM for decays of neutral 𝐷
mesons.
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Figure 4.14: Forward backward asymmetries beyond the SM for decays of charged 𝐷
mesons.
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4.5 CP asymmetries
Following branching ratios and FB asymmetries, we finally discuss the single- and double-
differential CP asymmetries

𝐴CP(𝑠) = ∫d𝑡𝐴CP(𝑠, 𝑡) , 𝐴CP(𝑠, 𝑡) = 1
𝛤 + 𝛤

( d2𝛤
d𝑠d𝑡

− d2𝛤
d𝑠d𝑡

) , (4.34)

which are the most promising observables for the search of BSM signatures. Here, 𝛤
denotes the decay rate of the CP-conjugated decay. For both normalization and differential
distributions, we only take the valid phase space into account for QCDF. For HH𝜒PT, we
restrict the phase space to 𝑠 ≤ 2GeV2 to avoid large bremsstrahlung contributions in the
normalization and the associated suppression of 𝐴CP. CP asymmetries are only possible
for SCS decays, since all contributions have the same weak phase for CF and DCS decays.

In the SM, 𝐷0 → 𝐾+𝐾−𝛾 and 𝐷0 → 𝐾0𝐾0𝛾 are the only decays that have a non-
vanishing CP asymmetry of |𝐴CP(𝑠)| ≲ 10−4 and |𝐴CP(𝑠)| ≲ 6 ⋅ 10−4 in leading order
QCDF, respectively. In both cases, the maxima are located at the 𝜙 peak. Since the 𝜙 is
a narrow resonance, the CP asymmetries decrease rapidly with increasing distance from
the resonance. For each of the remaining decay modes, there is only one WA contribution
with a single weak phase and therefore no CP-violation. However, taking into account
further decay topologies and 𝑆𝑈(3)𝐹 breaking effects, they also do obtain non-zero CP
asymmetries.

Since HH𝜒PT includes further decay topologies, non-vanishing SM CP asymmetries
are obtained for a total of five decay modes. Figure 4.15 shows Dalitz plots for these
decays. For 𝐷0 → 𝐾+𝐾−𝛾, 𝐷+ → 𝐾+𝐾0𝛾, 𝐷𝑠 → 𝜋+𝐾0𝛾, and 𝐷𝑠 → 𝐾+𝜋0𝛾, significant
cancellations occur when integrating over 𝑡. CP asymmetries of |𝐴CP(𝑠)| ≲ 6 ⋅ 10−5,
|𝐴CP(𝑠)| ≲ 1.2 ⋅ 10−5, |𝐴CP(𝑠)| ≲ 1.2 ⋅ 10−4 and |𝐴CP(𝑠)| ≲ 4.5 ⋅ 10−5 are obtained,
respectively, where the maxima always occur at the 𝑠-channel resonance except for
𝐷+ → 𝐾+𝐾0𝛾. For 𝐷0 → 𝐾0𝐾0𝛾, there is no cancellation regarding the 𝑡 integration.
Thus, the maximum of |𝐴CP(𝑠)| ≲ 2.5 ⋅ 10−4 does not arise at the 𝜙 peak, but from the
constructive increase of the 𝑡 and 𝑢 channel resonances. The remaining decay modes
have no SM CP violation. However, taking into account 𝑆𝑈(3)𝐹 breaking effects and
rescattering of the light mesons, which is possible at one-loop levels and above, CP
asymmetries are induced for the remaining SCS decays as well.

Due to NP, the dipole coefficients 𝐶(′)
7 can obtain considerable contributions with large

CP-violating phases. Thus, all FCNC decay modes can obtain significant CP asymmetries.
We begin the discussion of BSM CP asymmetries with the QCDF SM contributions. Since
the QCDF amplitudes do not incorporate 𝑡- or 𝑢-channel resonances, the only sources
of strong phases are the 𝑠-channel resonances. Therefore, we omit a representation of
the BSM effects in terms of Dalitz plots. In Figure 4.16 and 4.17, we compare the SM
predictions with different BSM scenarios for neutral and charged 𝐷 mesons, respectively.
We set one of the BSM coefficients to zero and a magnitude of 0.05 or 0.2 to the other one.
To maximize the CP asymmetries, we set the weak phase to 𝜙𝑤 = ±𝜋/2. 𝐴CP(𝑠) can take
𝒪(0.01) values for 𝐷+ → 𝐾+𝐾0𝛾 and 𝒪(1) values for 𝐷0 → 𝜋+𝜋−𝛾 and 𝐷0 → 𝐾+𝐾−𝛾.
For the remaining decays, the values are of order 𝒪(0.1). The distributions of 𝐷𝑠 → 𝜋+𝐾0𝛾
and 𝐷𝑠 → 𝐾+𝜋0𝛾 are almost identical. Essentially, their amplitudes differ by an isospin
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Figure 4.15: Dalitz plots of SM CP asymmetry.

factor of −1/
√

2. The small differences are a consequence of different momenta in the
heavy meson propagators of the tensor form factors and differently shaped phase spaces.
Analogously, similarities can be seen between the distributions of 𝐷0 → 𝐾+𝐾−𝛾 and
𝐷0 → 𝐾0𝐾0𝛾, as the SM amplitudes differ only by the relative sign in (4.31).

In Figure 4.18 and 4.19 we show Dalitz plots of the double differential CP asymmetries
based on HH𝜒PT. Again, one of the coefficients has been set to zero. The second one
has a value of 0.1𝑖. It can be seen that the CP asymmetries are increased by a factor
of ∼ 103 compared to the SM for all decay channels except 𝐷0 → 𝐾0𝐾0𝛾. In Figure
4.20 and 4.21, we show the same BSM scenarios as in 4.16 and 4.17 for HH𝜒PT. For
𝐷0 → 𝜋+𝜋−𝛾, 𝐷+ → 𝜋+𝜋0𝛾, and 𝐷𝑠 → 𝐾+𝜋0𝛾, the contributions of parity even and
parity odd amplitude are of the same order of magnitude. Thus, the relative sign between
𝐶7 and 𝐶′

7 in (4.28) leads to a constructive increase for 𝐶′
7 and to a cancellation of CP

- 52 -- 52 -



4.5 CP asymmetries

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
s [GeV2]

0.8

0.6

0.4

0.2

0.0

0.2

0.4

0.6

0.8

A C
P(s

)[
G

eV
2 ]

D0 +

SM
C7 = 0.05i, C ′

7 = 0
C7 = 0.2i, C ′

7 = 0
C7 = 0.05i, C ′

7 = 0
C7 = 0.2i, C ′

7 = 0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
s [GeV2]

1.00

0.75

0.50

0.25

0.00

0.25

0.50

0.75

1.00

A C
P(s

)[
G

eV
2 ]

D0 +

SM
C7 = 0, C ′

7 = 0.05i
C7 = 0, C ′

7 = 0.2i
C7 = 0, C ′

7 = 0.05i
C7 = 0, C ′

7 = 0.2i

0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
s [GeV2]

4

2

0

2

4

A C
P(s

)[
G

eV
2 ]

D0 K + K

1.00 1.05
5

0

5

SM
C7 = 0.05i, C ′

7 = 0
C7 = 0.2i, C ′

7 = 0
C7 = 0.05i, C ′

7 = 0
C7 = 0.2i, C ′

7 = 0

0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
s [GeV2]

0.6

0.4

0.2

0.0

0.2

0.4

0.6

A C
P(s

)[
G

eV
2 ]

D0 K + K

1.00 1.05
0.5

0.0

0.5

SM
C7 = 0, C ′

7 = 0.05i
C7 = 0, C ′

7 = 0.2i
C7 = 0, C ′

7 = 0.05i
C7 = 0, C ′

7 = 0.2i

0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
s [GeV2]

0.20

0.15

0.10

0.05

0.00

0.05

0.10

0.15

0.20

A C
P(s

)[
G

eV
2 ]

D0 K0K0

1.00 1.05
0.2

0.0

0.2

SM
C7 = 0.05i, C ′

7 = 0
C7 = 0.2i, C ′

7 = 0
C7 = 0.05i, C ′

7 = 0
C7 = 0.2i, C ′

7 = 0

0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
s [GeV2]

0.10

0.05

0.00

0.05

0.10

A C
P(s

)[
G

eV
2 ]

D0 K0K0

1.00 1.05
0.1

0.0

0.1

SM
C7 = 0, C ′

7 = 0.05i
C7 = 0, C ′

7 = 0.2i
C7 = 0, C ′

7 = 0.05i
C7 = 0, C ′

7 = 0.2i

Figure 4.16: CP asymmetries for 𝐷0 decays as a function of 𝑠 based on QCDF SM
predictions.
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Figure 4.17: CP asymmetries for 𝐷+
(𝑠) as a function of 𝑠 based on QCDF SM predictions.
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asymmetries for 𝐶7. In case of 𝐷0 → 𝐾+𝐾−𝛾 and 𝐷0 → 𝐾0𝐾0𝛾, the 𝜙 contributes only
to 𝐴+. Accordingly, the distribution is dominated by the parity even amplitude. For
𝐷𝑠 → 𝜋+𝐾0𝛾, on the other hand, the 𝑠-channel peak is dominated by 𝐴−. The tails of
the distributions arising from the 𝑡- and 𝑢-channel resonances have a different sign in the
two scenarios. Thus, the tails of the CP asymmetries originate from 𝐴+.

For many decays, integration over 𝑡 leads to cancellations of 𝑡- and 𝑢-channel contribu-
tions. This effect is particularly severe if the resonances are antiparticles of each other.
To avoid this cancellation, it is useful to consider the double differential distributions in
the form of Dalitz plots.

As stated in section 3.3, the imaginary parts of 𝐶(′)
7 can be constrained to |Im(𝐶(′)

7 )| ≲
2 ⋅ 10−3 by data from 𝛥𝐴CP in some BSM model. This corresponds to a suppression by a
factor of 50 compared to the Dalitz plots in 4.18 and 4.19. Since the CP asymmetries
scale approximately linearly with Im(𝐶(′)

7 ) for |𝐶(′)
7 | ≲ 0.1, this also causes 𝐴CP to be

suppressed by a factor of 50. However, the resulting CP asymmetries are still in the per
mile range and over an order of magnitude larger than the SM CP asymmetries. For
values of |𝐶(′)

7 | ≳ 0.1, the BSM contributions can lead to enhanced decay rates and thus
affect the normalization of 𝐴CP. Consequently, the CP asymmetries of some decay modes
do not scale linearly with Im(𝐶(′)

7 ) for large BSM coefficients.
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Figure 4.18: Dalitz plots of BSM CP asymmetries for decays of neutral 𝐷 mesons.
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Figure 4.19: Dalitz plots of BSM CP asymmetries for decays of charged 𝐷 mesons.
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Figure 4.20: CP asymmetries for 𝐷0 decays as a function of 𝑠 based on HH𝜒PT predictions.
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Figure 4.21: CP asymmetry for 𝐷+
(𝑠) decays as a function of 𝑠 based on HH𝜒PT predictions.
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4.6 Summary
In this chapter, we have discussed radiative three-body decays 𝐷 → 𝑃𝑃𝛾. We have used
Low’s theorem, HH𝜒PT, and QCDF to determine SM predictions for branching ratios,
FB asymmetries, and CP asymmetries for all 18 decay modes involving pions and kaons.
The CF and DCS modes are SM-like and thus well suited for testing the QCD frameworks.
Of particular interest is the FB asymmetry, which vanishes when the amplitudes have
no 𝑡 dependence. This is the case for leading order QCDF. HH𝜒PT, on the other hand,
acquires diverse distributions due to the non-resonant contributions and especially due to
the 𝑡 and 𝑢 channel resonances.

The eight SCS decays are FCNC processes and thus sensitive to new physics. We have
shown the maximum impact of new physics in the electromagnetic dipole operators on
branching ratios and FB asymmetries. Branching ratios of the SCS modes are mainly in
the range of 10−5 − 10−4. They can be affected by new physics, however, this observable is
not sufficiently clean and subject to too many uncertainties to unambiguously identify new
physics. The FB asymmetry, on the other hand, reveals significant qualitative differences
between SM predictions and BSM scenarios for some decays. Therefore, this observable is
more appropriate to signal influences of BSM physics. Nevertheless, due to the intrinsic
uncertainty of the Breit Wigner approach and the uncertainties associated with a leading
order calculation, it is also difficult to claim sensitivity to new physics for 𝐴FB.

Due to the small CP-violating phase in the charm sector of the SM, the CP asymmetries
have the greatest sensitivity to BSM physics. If the CP-violating phase of the new physics
is maximized, the CP asymmetries can be increased by up to three orders of magnitude
compared to the SM. Taking into account the constraints of 𝛥𝐴CP, which will be relevant
for some NP models, the CP asymmetries can still be increased by more than one order
of magnitude by new physics. We note that double differential CP- asymmetries in the
form of Dalitz plots are advantageous since they avoid cancellations. Moreover, cuts in 𝑠
are helpful to avoid the large contributions of bremsstrahlung in the normalization and
the accompanying suppression. We provide a review of the most interesting decay modes
and point out opportunities. The best decay channels for

• testing QCD frameworks with branching ratios, see Fig. 4.5 and 4.6: In general,
all CF and DCS modes are suitable for this purpose. Particularly interesting are
the modes 𝐷+ → 𝜋+𝐾0𝛾 (CF) and 𝐷𝑠 → 𝐾+𝐾0𝛾 (DCS), which do not have an
s-channel resonance due to the involved flavor and, therefore, do not have a leading
order QCDF contribution.

• testing QCD frameworks with 𝐴FB, see Fig. 4.11 and 4.12: 𝐷0 → 𝜋0𝐾0𝛾 (CF),
𝐷𝑠 → 𝜋+𝜋0𝛾 (CF) and 𝐷+ → 𝐾+𝜋0𝛾 (DCS) have small uncertainties. In addition,
the distributions have very distinctive shapes, which are reasonably well understood.

• testing the SM with 𝐴FB, see Fig. 4.13 and 4.14: 𝐷0 → 𝜋+𝜋−𝛾, 𝐷+ → 𝜋+𝜋0𝛾 and
𝐷𝑠 → 𝜋+𝐾0𝛾, since the other decay modes have small differences between SM and
BSM asymmetries or large uncertainties.

• testing the SM with 𝐴CP: Dalitz plots are suitable for all decay modes. For the
singly differential CP asymmetries, the decays 𝐷+ → 𝜋+𝜋0𝛾 and 𝐷𝑠 → 𝜋+𝐾0𝛾 can
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𝑀𝑐 𝑓(𝑐 → ℎ𝑐) 𝑁(ℎ𝐶) FCC-ee 𝑁(ℎ𝐶) Belle II
𝐷0 0.59 ∼ 3 ⋅ 1011 ∼ 4 ⋅ 1010

𝐷+ 0.24 ∼ 1 ⋅ 1011 ∼ 2 ⋅ 1010

𝐷𝑠 0.10 ∼ 6 ⋅ 1010 ∼ 7 ⋅ 109

Table 4.3: Charm fragmentation fractions 𝑓(𝑐 → 𝑀𝑐) [168] and number of charmed mesons
for 𝑐𝑐 production rates of 550 ⋅ 109 (FCC-ee) and 65 ⋅ 109 (Belle II with 50 ab−1) [81].
Table is adopted from [66]

be pointed out. They are sensitive in both BSM coefficients and do not suffer from
strong cancellation between the 𝑡- and 𝑢-channel contributions. 𝐷0 → 𝐾+𝐾−𝛾
is also a valid option in the region of the 𝜙 peak. The remaining modes are only
sensitive in one BSM coefficient or substantially smaller asymmetries have to be
expected. We also note that the cut in 𝑠 is in fact not required for the decays
𝐷0 → 𝜋0𝜋0𝛾 and 𝐷0 → 𝐾0𝐾0𝛾, since all mesons are neutrally charged and thus no
bremsstrahlung is emitted. Therefore, it is possible to study the whole phase space
without suppression. However, it turns out that the expected CP asymmetries are
small compared to the other modes.

𝐷 → 𝑃𝑃𝛾 decays are well-suited for investigations at current 𝑒+𝑒− facilities as Belle II
and BES III as well as future 𝑒+𝑒− colliders such as the FCC-ee. The branching ratios
(see Table 4.2) are roughly in the range of 10−7 to 10−3. With the fragmentation fractions
and the number of charm mesons given in Table 4.3, the lowest number of unreconstructed
events of 3 ⋅ 104 (FCC-ee) and 3.5 ⋅ 103 (Belle II) is obtained for 𝐷𝑠 → 𝐾+𝐾0𝛾. The
largest number of events are expected for 𝐷0 → 𝜋0𝐾0𝛾. We obtain 3 ⋅ 108 and 4 ⋅ 107 for
the FCC-ee and Belle II, respectively.
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5 Photon polarization in 𝐷 → 𝐾𝜋𝜋𝛾𝐷 → 𝐾𝜋𝜋𝛾𝐷 → 𝐾𝜋𝜋𝛾 decays

Besides branching ratios, angular observables and CP asymmetries of radiative charm
decays, the photon polarization is an interesting observable to test the SM. Since the
detectors do not measure the polarization of photons directly, it has to be reconstructed
from the momenta of the final states and the angular distributions. As the photon helicity
is odd under parity, the angular distributions of a radiative 𝐷 meson decay only exhibit a
dependence on the photon polarization if a pseudoscalar quantity can be constructed using
the final state momenta. In case of a four-body decay 𝐷 → 𝑃1𝑃2𝑃3𝛾, a triple product
⃗𝑝1 ⋅ ( ⃗𝑝2 × ⃗𝑝3) can be formed, which is also parity odd [169]. For three-body decays, which

were discussed in the previous chapter, the three momenta of the final states are linearly
dependent and thus the triple product vanishes. Therefore, we do not have access to the
photon polarization in 𝐷 → 𝑃𝑃𝛾 decays via the angular distribution.

In this chapter, we use an up-down asymmetry 𝐴UD in the angular distribution to
extract the photon polarization of 𝐷+

(𝑠) → 𝐾+
1 (→ 𝐾𝜋𝜋)𝛾 decays, where 𝐾1 is an axial-

vector meson. The adaptation of this method, which is known from B physics [169, 170],
to charm physics offers the advantage of partner decays. Both the 𝐷+ and the 𝐷𝑠 decay
are color-allowed and induced by weak annihilation. In the SM, the photon polarizations
of the 𝐷+ and 𝐷𝑠 decays are identical up to U-spin breaking effects. However, the DCS
𝐷+ → 𝐾+

1 𝛾 decay is SM-like, while the SCS 𝐷𝑠 → 𝐾+
1 𝛾 decay is an FCNC process and

therefore sensitive to new physics in the dipole operators, which can alter the polarization
of the photon. Thus, the photon polarization can be extracted from the SM-like 𝐷+ decay
and subsequently compared to the BSM sensitive 𝐷𝑠 decay. Since the spectra of the
𝐾+

1 → 𝐾𝜋𝜋 decay are universal for both decays, the hadronic prefactors between 𝐴UD
and the photon polarization are identical for 𝐷+ and 𝐷𝑠 decays. Consequently, precise
knowledge of the 𝐾𝜋𝜋 spectrum and a theoretical prediction of the photon polarization is
not necessary. Instead, the ratio of the up-down asymmetries, which is identical to the
ratio of the polarisations, can be used as a null test of the SM.

This chapter is organized as follows: In section 5.1, the kinematics and angular dis-
tributions for 𝐷+

(𝑠) → 𝐾+
1 (→ 𝐾𝜋𝜋)𝛾 are described. Furthermore, we define an up-down

asymmetry which allows to extract the polarization of the photon in the 𝐷+
(𝑠) → 𝐾+

1 𝛾
decay. Subsequently, the unmeasured branching ratios of 𝐷+ → 𝐾+

1 𝛾 and 𝐷𝑠 → 𝐾+
1 𝛾 are

estimated using QCDF methods in section 5.2. In addition, the impact of new physics in
the electromagnetic dipole operator on the photon polarization is estimated. In section 5.3,
the helicity amplitudes of the decay 𝐾1 → 𝐾𝜋𝜋 are discussed. We analyze the hadronic
factor in the up-down asymmetry and provide its distribution in section 5.4. Finally, we
summarize the results in section 5.5.
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γ(~k)π(~p1)
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x y

z

θ

Figure 5.1: Kinematics of the 𝐾1 → 𝐾𝜋𝜋 decay in the 𝐾𝜋𝜋 center-of-mass frame. The
z-axis is defined as the direction opposite to the photon. 𝜃 is the angle between the z-axis
and the normal �⃗� = ( ⃗𝑝1 × ⃗𝑝2)/| ⃗𝑝1 × ⃗𝑝2|.

5.1 Angular distribution and kinematics

The angular distribution for 𝐷+
(𝑠) → 𝐾+

1 (→ 𝐾𝜋𝜋)𝛾 decays can be written as

d4𝛤
d𝑠d𝑠13d𝑠23dcos(𝜃)

∝ [| ⃗𝒥|2(1 + cos2(𝜃)) + 2𝜆𝛾𝐼𝑚 [�⃗� ⋅ ( ⃗𝒥 × ⃗𝒥∗)] cos(𝜃)] 𝑃𝑆 , (5.1)

where 𝑠 = (𝑝1 + 𝑝2 + 𝑝3)2 and 𝑠𝑖𝑗 = (𝑝𝑖 + 𝑝𝑗)2 denote the 𝐾𝜋𝜋 and the 𝑃𝑖𝑃𝑗 invariant
mass squared, respectively. The momenta 𝑝2, 𝑝3 and 𝑝1 refer to the positively charged
pion, the kaon and the remaining pion as specified in (5.12). The angle 𝜃 is defined by
the direction opposite to the photon and the normal �⃗� = ⃗𝑝1 × ⃗𝑝2/| ⃗𝑝1 × ⃗𝑝2|, see Fig. 5.1.
The spatial components of the 𝐾1 → 𝐾𝜋𝜋 helicity amplitude, which we discuss in section
5.3, are denoted by ⃗𝒥. The photon polarization parameter is defined as

𝜆
𝐷+

(𝑠)
𝛾 = −

1 − 𝑟2
𝐷+

(𝑠)

1 + 𝑟2
𝐷+

(𝑠)

, 𝑟𝐷+
(𝑠)

= ∣
𝐴

𝐷+
(𝑠)

𝑅

𝐴
𝐷+

(𝑠)
𝐿

∣ , (5.2)

where 𝐴
𝐷+

(𝑠)
𝐿/𝑅 denote the 𝐷+

(𝑠) → 𝐾+
1 𝛾 decay amplitudes for left-handed and right-handed

polarized photons, see Sec. (5.2) for details. The factor

𝑃𝑆 =
1 − 𝑠/𝑚2

𝐷(𝑠)

256(2𝜋)5𝑚𝐷(𝑠)
𝑠

(5.3)
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5.2 The 𝐷+
(𝑠) → 𝐾+

1 𝛾 decay

is obtained from the phase space which has the non-trivial boundaries

(𝑚1 + 𝑚2 + 𝑚3)2 ≤ 𝑠 ≤ 𝑚2
𝐷+

(𝑠)
,

(𝑚1 + 𝑚3)2 ≤ 𝑠13 ≤ (
√

𝑠 − 𝑚2)2 ,
𝑠23min ≤ 𝑠23 ≤ 𝑠23max ,

𝑠23min/max = (𝐸∗
2 + 𝐸∗

3)2 − (√𝐸∗2
2 − 𝑚2

2 ± √𝐸∗2
3 − 𝑚2

3)
2

,

(5.4)

where 𝐸∗
2 = (𝑠−𝑠13 −𝑚2

2)/(2√𝑠13) and 𝐸∗
3 = (𝑠13 −𝑚2

1 +𝑚2
3)/(2√𝑠13) denote the energies

in the 𝑃2𝑃3 center-of-mass frame. From the definition of the angular distribution (5.1), it
is evident that the polarization of the photon has no effect on integrated branching ratios
or CP asymmetries as 𝜆𝛾 only appears in combination with cos(𝜃). However, the photon
polarization can be extracted from an up-down asymmetry 𝐴UD, which is linear in the
photon polarization parameter and defined by

𝐴UD = (∫
1

0

d2𝛤
d𝑠dcos(𝜃)

dcos(𝜃) − ∫
0

−1

d2𝛤
d𝑠dcos(𝜃)

dcos(𝜃)) / ∫
1

−1

d2𝛤
d𝑠dcos(𝜃)

dcos(𝜃)

= 3
4

⟨Im[�⃗� ⋅ ( ⃗𝒥 × ⃗𝒥∗)] 𝜅⟩

⟨| ⃗𝒥|2⟩
𝜆𝛾 , (5.5)

The ⟨...⟩-brackets denote the integration over the invariant mass squares 𝑠13 and 𝑠23. The
parameter 𝜅 = sgn(𝑠13 − 𝑠23) for 𝐾+

1 → 𝜋0𝜋+𝐾0 and 𝜅 = 1 for 𝐾+
1 → 𝜋−𝜋+𝐾+ does not

directly arise from the definition of the angular distribution and 𝐴UD. The reason for the
introduction of 𝜅 is given in section 5.3. Since the helicity amplitudes are the same for
𝐷+ and 𝐷𝑠 decays, the proportionality factors between 𝐴UD and 𝜆𝛾 are identical. Thus,
they drop out from the ratio of the up-down asymmetries

𝐴𝐷𝑠
UD

𝐴𝐷+
UD

= 𝜆𝐷𝑠𝛾

𝜆𝐷+
𝛾

=
1 − 𝑟2

𝐷𝑠

1 + 𝑟2
𝐷𝑠

1 + 𝑟2
𝐷+

1 − 𝑟2
𝐷+

. (5.6)

In the SM, 𝑟𝐷+ and 𝑟𝐷𝑠
are identical and thus the ratio is equal to one up to U-spin

breaking corrections. In section 5.2, we consider the impact of U-spin breaking as well as
the contributions from new physics in the electromagnetic dipole operators on the photon
polarization and the ratio (5.6).

Note that the relation between 𝐴UD and 𝜆𝛾 gets more complicated when considering
more than one 𝐾1 resonance, since 𝑟𝐷(𝑠)+ and 𝜆𝛾 varies with 𝑠. Therefore, 𝜆𝛾 is not
identical for the different 𝐾1 resonances. This effect can be controlled by cuts [1]. A
generally valid formula can be found in appendix C of [1]. However, the SM prediction
that (5.6) is equal to one up to U-spin breaking effects is not effected.

5.2 The 𝐷+
(𝑠) → 𝐾+

1 𝛾𝐷+
(𝑠) → 𝐾+

1 𝛾𝐷+
(𝑠) → 𝐾+

1 𝛾 decay

The decay rate of the two-body decay 𝐷+
(𝑠) → 𝐾+

1 𝛾 can be written as [124]
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Figure 5.2: The Feynman diagram for the leading weak annihilation contribution is shown
on the left. The blue cross indicates where the photon is emitted. Further contributions
are suppressed by 𝜆QCD/𝑚𝑐. BSM diagram of the photonic dipole operator for 𝐷𝑠 → 𝐾+

1 𝛾
is shown on the right.

𝛤 =
𝛼𝑒𝐺2

𝐹𝑚3
𝐷+

(𝑠)

32𝜋4
⎛⎜
⎝

1 −
𝑚2

𝐾1

𝑚2
𝐷+

(𝑠)

⎞⎟
⎠

3

(|𝐴
𝐷+

(𝑠)
𝐿 |2 + |𝐴

𝐷+
(𝑠)

𝑅 |2) , (5.7)

where 𝛼𝑒 denotes the fine structure constant. 𝐴𝐿,𝑅 refer to the decay amplitudes for
left-handed and right-handed polarized photons as in (5.2). As no experimental data on
𝐷+

(𝑠) → 𝐾+
1 𝛾 decays is available, we use QCDF methods to estimate the SM branching

ratios as well as the BSM potential of the photon polarization. Figure 5.2 shows the
leading weak annihilation diagram on the left, where the blue cross indicates that the
photon is dominantly emitted by the light quark inside the 𝐷+

(𝑠) meson. Photon emissions
from the other quark lines are suppressed by 𝜆QCD/𝑚𝑐 and will be neglected. The BSM
contribution of the electromagnetic dipole operator to 𝐷𝑠 → 𝐾+

1 𝛾 is shown on the right.
For the left-handed amplitudes we obtain analogously to 𝐷 → 𝑉 𝛾 [124]

𝐴𝐷
𝐿 SM = −

2𝜋2𝑄𝑑𝑓𝐷𝑓𝐾1
𝑚𝐾1

𝑚𝐷𝜆𝐷
𝑉 ∗

𝑐𝑑𝑉𝑢𝑠𝐶2
𝑚2

𝐷
𝑚2

𝐷 − 𝑚2
𝐾1

,

𝐴𝐷𝑠
𝐿 SM = −

2𝜋2𝑄𝑑𝑓𝐷𝑠
𝑓𝐾1

𝑚𝐾1

𝑚𝐷𝑠
𝜆𝐷𝑠

𝑉 ∗
𝑐𝑠𝑉𝑢𝑠𝐶2

𝑚2
𝐷𝑠

𝑚2
𝐷𝑠

− 𝑚2
𝐾1

,
(5.8)

where 𝐴
𝐷+

(𝑠)
𝑅 SM = 0. The extra minus sign is a result of the 𝑉 − 𝐴 structure of the four

quark operators. However, substantial corrections have to be expected due to the poor
convergence of the heavy quark and 𝛼𝑠 expansion. Leading order QCDF leads to purely
left-handed photons, but contributions to right-handed photons are also expected. For
instance, a mechanism for generating right-handed photons is given by a quark loop with
an 𝑂1,2 insertion, where the photon and a gluon are coupled to the loop [171]. However,
this mechanism is at least perturbatively subject to GIM suppression [124].

- 66 -- 66 -



5.2 The 𝐷+
(𝑠) → 𝐾+

1 𝛾 decay

For the SM branching ratios we obtain

𝐵(𝐷+ → 𝐾+
1 (1270)𝛾) = [(1.3 ± 0.3), (1.5 ± 0.4)] × 10−5 (0.1 GeV

𝜆𝐷
)

2

,

𝐵(𝐷+ → 𝐾+
1 (1400)𝛾) = [(1.4 ± 0.6), (1.6 ± 0.7)] × 10−5 (0.1 GeV

𝜆𝐷
)

2

,

𝐵(𝐷𝑠 → 𝐾+
1 (1270)𝛾) = [(1.9 ± 0.4), (2.2 ± 0.5)] × 10−4 (0.1 GeV

𝜆𝐷𝑠

)
2

,

𝐵(𝐷𝑠 → 𝐾+
1 (1400)𝛾) = [(2.0 ± 0.9), (2.4 ± 1.0)] × 10−4 (0.1 GeV

𝜆𝐷𝑠

)
2

,

(5.9)

where the first and second entry correspond to the lower and upper end of the range of the
Wilson coefficient 𝐶2 (3.15), respectively. We added the parametric uncertainties from
decay constants, masses, lifetimes, and CKM matrix elements in quadrature. However, the
largest uncertainty arises from the non-perturbative parameter 𝜆𝐷+

(𝑠)
, which we scale with

0.1GeV as in section 4.2.3. The difference of one order of magnitude between 𝐷+ and
𝐷𝑠 decays essentially follows from the CKM matrix elements and the different lifetimes
|𝑉𝑐𝑑/𝑉𝑐𝑠|2(𝜏𝐷+/𝜏𝐷𝑠

) ≈ 0.1.
The dipole operators 𝑂(′)

7 contribute only to the left- or right-handed amplitude

𝐴𝐷𝑠
𝐿 NP = 𝑚𝑐𝐶7𝑇 𝐾1 , 𝐴𝐷𝑠

𝑅 NP = 𝑚𝑐𝐶′
7𝑇 𝐾1 , (5.10)

respectively. 𝑇 𝐾1 = 𝑇 𝐷𝑠→𝐾+
1

1 (0) denotes the form factor of a 𝐷𝑠 → 𝐾+
1 transition via a

tensor current, which is defined in appendix B.3. This form factor is unknown to date.
Therefore, we will assume in the following that the ratios of the tensor form factors
are the same as in 𝐵 physics. From the data on radiative 𝐵 decays, see appendix A
for details, the ratios 𝑇 𝐵→𝐾1(1400)

1 /𝑇 𝐵→𝐾1(1270)
1 ≃ 0.5 and 𝑇 𝐵→𝐾1(1270)

1 /𝑇 𝐵→𝐾∗(892)
1 ≃ 1.1

can be determined. By using 𝑇 𝐷𝑠→𝐾∗(892)
1 ≃ 0.7 [124], we obtain 𝑇 𝐾1(1270) ≃ 0.8 and

𝑇 𝐾1(1400) ≃ 0.4. The ratios of left-handed and right-handed amplitudes for 𝐷+ and 𝐷𝑠
decays read as follows

𝑟𝐷+ = ∣
𝐴𝐷+

𝑅 SM
𝐴𝐷+

𝐿 SM
∣ , 𝑟𝐷𝑠

= ∣
𝑚𝑐𝑇 𝐾1𝐶′ eff

7 + 𝐴𝐷𝑠
𝑅 SM

𝑚𝑐𝑇 𝐾1𝐶eff
7 + 𝐴𝐷𝑠

𝐿 SM

∣ . (5.11)

In order to estimate whether one can search for new physics by comparing the photon
polarizations or 𝐴UD, it is essential to examine how large the effects of U-spin breaking
can be. There are numerous sources for the U-spin breaking. The phase space, the CKM
matrix elements as well as parameters like masses, decay constants and 𝜆𝐷(𝑠)

can be
taken into account in a simple way. Sources which require an exact calculation of the
amplitudes are problematic. For example, the contributions to right-handed photons
mentioned before are only possible for FCNC decays. U-spin breaking effects are usually
of the order 𝒪(0.2 − 0.3) [172–174]. It is advantageous that we consider the ratios of left-
and right-handed amplitudes and thus only the residual breaking is of importance. In
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Figure 5.3: Estimation of the BSM reach in 𝐷+
(𝑠) → 𝐾1(1270)𝛾 decays. 𝜆𝐷𝑠𝛾 (left) and

𝜆𝐷𝑠𝛾 /𝜆𝐷+

𝛾 (right) are shown as a function of 𝜆𝐷+

𝛾 . The black dashed line refers to the SM
in the exact U-spin limit. ±20% U-spin breaking between 𝑟𝐷+

SM and 𝑟𝐷𝑠
SM are illustrated by

the gray shaded area. The blue (green) region illustrates the BSM reach in 𝐶7 (𝐶′
7). We

set 𝐶′
7 = 0 (𝐶7 = 0) and varied the other coefficient within −0.3 ≤ 𝐶(′)

7 ≤ 0.3. For the
darker shaded area we used the exakt U-spin limit of the SM amplitudes. The lighter
shaded area in the left plot includes the ±20% U-spin breaking. We used the leading
order QCDF result (5.8) for the left-handed SM amplitude.

the following, we assume ±20% U-spin breaking between 𝑟𝐷+ and 𝑟𝐷𝑠
. In Figure 5.3 we

estimate the BSM reach and U-spin breaking effects on 𝜆𝐷𝑠𝛾 for a given value of 𝜆𝐷+

𝛾 . The
dashed line shows the case of the exact U-spin limit and the gray area includes ±20%
U-spin breaking between 𝑟𝐷𝑠

and 𝑟𝐷+ . The BSM reach in 𝐶7 and 𝐶′
7 is shown in blue

and green, respectively. One of the dipole coefficients is set to zero, while the other one
is varied in the allowed range according to (3.16). For the darker shaded regions, we
used the exact U-spin for the SM amplitudes. The lighter shaded region include both
the U-spin breaking effects and variations in one dipole coefficient. The small value of
𝜆𝐷(𝑠)

= 0.1GeV suppresses the effects of new physics. Nevertheless, NP effects caused
by enlarged dipole coefficients can be significant. However, for the SM test using (5.6),
small values of 𝜆𝐷+

𝛾 are problematic. In this case, U-spin breaking can lead to huge
discrepancies of 𝜆𝐷𝑠𝛾 /𝜆𝐷+

𝛾 ≈ 1. However, if we assume that the photon in 𝐷+ → 𝐾+
1 𝛾 is

dominantly left-handed polarized 𝜆SM
𝛾 ≲ −0.5, as implied by QCDF, values exceeding

0.8 ≲ 𝐴𝐷𝑠
UD/𝐴𝐷+

UD = 𝜆𝐷𝑠𝛾 /𝜆𝐷+

𝛾 ≲ 1.2 hint new physics.

5.3 The 𝐾1 → 𝐾𝜋𝜋𝐾1 → 𝐾𝜋𝜋𝐾1 → 𝐾𝜋𝜋 decay

Even though an exact knowledge of the helicity amplitudes is not necessary for the null
test of the SM using (5.6), they determine the sensitivity for the photon polarization in the
up-down asymmetry. If the factor ⟨Im[�⃗� ⋅ ( ⃗𝒥 × ⃗𝒥∗)] 𝜅⟩ / ⟨| ⃗𝒥|2⟩ is small or even zero, we do
not have access to 𝜆𝛾. Therefore, we use a phenomenological model to describe the helicity
amplitudes and estimate the proportionality factor between 𝐴UD and 𝜆𝛾. In general, there
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5.3 The 𝐾1 → 𝐾𝜋𝜋 decay

is a variety of resonances contributing to the final state 𝐾𝜋𝜋 including the 𝐾1 axial vector
mesons with spin parity 𝐽𝑃 = 1+. Due to the stronger phase space suppression in charm
physics compared to 𝐵 physics, we restrict ourselves to a two-resonance approach, which
takes the 𝐾1(1270) and 𝐾1(1400) into account and we neglect the remaining members
of the 𝐾𝐽(1400) family as well as the 𝐾1(1650) resonance. We consider two different
combinations of charges in the final state

I ∶ 𝐾+
1 (1270/1400) → 𝜋 0(𝑝1)𝜋⏟

𝜌+

𝐾∗+

⏞+(𝑝2)𝐾
⏟⏟⏟⏟⏟⏟⏟

𝐾∗0

0(𝑝3) ,

II ∶ 𝐾+
1 (1270/1400) → 𝜋 −(𝑝1)𝜋⏟

𝜌0

+(𝑝2)𝐾
⏟⏟⏟⏟⏟⏟⏟

𝐾∗0

+(𝑝3) ,
(5.12)

where the brackets indicate the possible intermediate vector resonances. The helicity
amplitude is defined by the 𝐾1 → 𝐾𝜋𝜋 decay amplitude as

𝒜(𝐾1 → 𝐾𝜋𝜋) = 𝜖𝜇𝒥𝜇 , (5.13)

where 𝜖𝜇 is the polarization vector of the 𝐾1. For 𝒥𝜇, we use a Breit-Wigner approach. A
general Lorentz decomposition of the helicity amplitude requires two functions 𝐶1,2 for
parametrization. Thus, 𝒥𝜇 can be written as

𝒥𝐼,𝐼𝐼
𝜇 = ∑

𝐾res

𝜉𝐾res
[𝐶𝐼,𝐼𝐼

1𝐾res
(𝑠, 𝑠13, 𝑠23)𝑝1𝜇 − 𝐶𝐼,𝐼𝐼

2𝐾res
(𝑠, 𝑠13, 𝑠23)𝑝2𝜇] 𝐵𝑊𝐾res

(𝑠) . (5.14)

The definition of the Breit Wigner function is given in (C.1). The parameter 𝜉𝐾res
accounts for the differences in the productions of the various resonances in weak decays.
The discrepancies follow from different hadronic parameters such as masses 𝑚𝐾1

, decay
constants 𝑓𝐾1

and also form factors 𝑇 𝐾1
1 . This approach is an approximation of the

general formula from Appendix C in [1] and allows the use of (5.5). In addition, 𝜉𝐾res
allows individual resonances to be added or removed from the calculation individually.
The functions 𝐶1,2 are determined by quasi-two-body decays 𝐾1 → 𝑉 (→ 𝑃𝑃)𝑃. For the
two different final states, we obtain [175]

𝐶𝐼
1 =

√
2

3
(𝑎𝐾∗

13 − 𝑏𝐾∗

13 ) +
√

2
3

𝑏𝐾∗

23 + 1√
3

𝑎𝜌
12 , 𝐶𝐼

2 =
√

2
3

𝑏𝐾∗

13 +
√

2
3

(𝑎𝐾∗

23 − 𝑏𝐾∗

23 ) − 1√
3

𝑏𝜌
12 ,

𝐶𝐼𝐼
1 = −2

3
(𝑎𝐾∗

13 − 𝑏𝐾∗

13 ) − 1√
6

𝑎𝜌
12 , 𝐶𝐼𝐼

2 = −2
3

𝑏𝐾∗

13 + 1√
6

𝑏𝜌
12 .

(5.15)
On the one hand, the two modes obtain different isospin factors. However, the essential
difference is that there is no vector resonance decaying into 𝜋+𝐾+ for channel II. For the
functions

𝑎𝑉
𝑖𝑗 = 𝑔𝑉 𝑃𝑖𝑃𝑗

𝐵𝑊𝑉(𝑠𝑖𝑗)[𝑓𝑉 + ℎ𝑉√
𝑠(𝐸𝑖 − 𝐸𝑗) − 𝛥𝑖𝑗] ,

𝑏𝑉
𝑖𝑗 = 𝑔𝑉 𝑃𝑖𝑃𝑗

𝐵𝑊𝑉(𝑠𝑖𝑗)[−𝑓𝑉 + ℎ𝑉√
𝑠(𝐸𝑖 − 𝐸𝑗) − 𝛥𝑖𝑗] ,

𝛥𝑖𝑗 =
(𝑚2

𝑖 − 𝑚2
𝑗 )

𝑚2
𝑉

[𝑓𝑉 + ℎ𝑉√
𝑠(𝐸𝑖 + 𝐸𝑗)] ,

(5.16)
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a Breit-Wigner approach is used for the vector resonances as well. The energies of the
final state pseudoscalars in the 𝐾1 rest frame are given by

𝐸1 = 𝑠 − 𝑠23 + 𝑚2
1

2
√

𝑠
, 𝐸2 = 𝑠 − 𝑠13 + 𝑚2

2
2
√

𝑠
,

𝐸3 = 𝑠 − 𝑠12 + 𝑚2
3

2
√

𝑠
= 𝑠23 + 𝑠13 − 𝑚2

1 − 𝑚2
2

2
√

𝑠
.

(5.17)

The coupling 𝑔𝑉 𝑃𝑃 can be extracted from data on decay widths [176]

𝐵(𝑉 → 𝑃1𝑃2) =
𝑔2

𝑉 𝑃1𝑃2
| ⃗𝑝|3

6𝜋𝑚2
𝑉𝛤𝑉

, (5.18)

with a positive sign for 𝐾∗ → 𝐾𝜋 and and a negative sign for 𝜌 → 𝜋𝜋. The hadronic form
factors 𝑓𝑉 and ℎ𝑉 are defined by the 𝐾1 → 𝑉 𝑃 decay amplitude

𝒜(𝐾1 → 𝑉 𝑃) = 𝜀𝜇
𝐾1

(𝑓𝑉𝑔𝜇𝜈 + ℎ𝑉𝑝𝑉 𝜇𝑝𝐾1𝜈)𝜀𝜈∗
𝑉 . (5.19)

They have been calculated in [175] using the 3𝑃0 quark pair creation model (QPCM) [177]
and are given in appendix D

5.4 Up-down asymmetry
The sensitivity of 𝐴UD to the polarization of the photon is determined by the hadronic
prefactor in (5.5) For two resonances 𝑎 = 𝐾1(1270) and 𝑏 = 𝐾1(1400), the numerator of
𝐴UD (5.5) is given by

Im[�⃗� ⋅ ( ⃗𝒥 × ⃗𝒥∗)] = −2Im[𝜉2
𝑎𝐶1𝑎𝐶∗

2𝑎|𝐵𝑊𝑎|2 + 𝜉2
𝑏 𝐶1𝑏𝐶∗

2𝑏|𝐵𝑊𝑏|2

+ 𝜉𝑎𝜉𝑏(𝐶1𝑎𝐶∗
2𝑏 − 𝐶2𝑎𝐶∗

1𝑏)𝐵𝑊𝑎𝐵𝑊 ∗
𝑏 ] | ⃗𝑝1 × ⃗𝑝2| ,

(5.20)

where superscripts and kinematical variables were dropped to simplify the notation.
Analogously, the denominator can be written as

| ⃗𝒥|2 = 𝜉2
𝑎|𝐵𝑊𝑎|2 (|𝐶1𝑎|2| ⃗𝑝1|2 + |𝐶2𝑎|2| ⃗𝑝2|2 − 2Re(𝐶1𝑎𝐶∗

2𝑎) ⃗𝑝1 ⋅ ⃗𝑝2)
+ 𝜉2

𝑏 |𝐵𝑊𝑏|2 (|𝐶1𝑏|2| ⃗𝑝1|2 + |𝐶2𝑏|2| ⃗𝑝2|2 − 2Re(𝐶1𝑏𝐶∗
2𝑏) ⃗𝑝1 ⋅ ⃗𝑝2)

+ 2𝜉𝑎𝜉𝑏Re [𝐵𝑊𝑎𝐵𝑊 ∗
𝑏 (𝐶1𝑎𝐶∗

1𝑏| ⃗𝑝1|2 + 𝐶2𝑎𝐶∗
2𝑏| ⃗𝑝2|2 − (𝐶1𝑎𝐶∗

2𝑏 + 𝐶2𝑎𝐶∗
1𝑏) ⃗𝑝1 ⋅ ⃗𝑝2)]

(5.21)

Due to isospin symmetry, a permutation of 𝑠13 ↔ 𝑠23 leads to an interchange of the
functions 𝐶1 ↔ 𝐶2 for 𝐾1 → 𝐾0𝜋+𝜋0. Since Im[�⃗� ⋅ ( ⃗𝒥 × ⃗𝒥∗)] ∝ Im(𝐶1𝐶∗

2), (5.20) is
thus antisymmetric in the 𝑠13 − 𝑠23 Dalitz plane as shown in Figure 5.4. The upper
plots include only the 𝐾1(1270) resonance and show a Dalitz plot for an invariant mass
square of 𝑠 = 𝑚2

𝐾1(1270). Similarly, the lower plots are made using only the contributions
of the 𝐾1(1400) resonance at an invariant mass square of 𝑠 = 𝑚2

𝐾1(1400). 𝐴UD would
always vanish due to the integration over the whole 𝑠13 − 𝑠23 Dalitz plane. To prevent
the cancellation and to obtain a non-zero up-down asymmetry it is necessary to introduce
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Figure 5.4: Dalitz plots of Im[�⃗� ⋅ ( ⃗𝒥× ⃗𝒥∗)] for 𝐾0𝜋+𝜋0 (plot to the left) and 𝐾+𝜋+𝜋− (plot
to the right) at 𝑠 = 𝑚2

𝐾1(1270) (upper plots) and 𝑠 = 𝑚2
𝐾1(1400) (lower plots). The upper

and lower plots were made for individual resonances 𝐾1(1270) and 𝐾1(1400), respectively.

the parameter 𝜅 in (5.5). The plots on the right-hand side of Figure 5.4 show analogous
plots for 𝐾1 → 𝐾+𝜋+𝜋−. Particularly striking is the straight zero line arising from
Im [𝐵𝑊𝐾∗(𝑠13)𝐵𝑊 ∗

𝜌 (𝑠12)] = 0. The exact shape depends on 𝑠 due to the relation
𝑠12 + 𝑠13 + 𝑠23 = 𝑠 + 2𝑚2

𝜋 + 𝑚2
𝐾. This property occurs only in the case of a single 𝐾1

resonance.
On the one hand, the necessary relative strong phases originate from the interferences

of the different 𝐾1 resonances. On the other hand, the 𝐶1,2 functions involve interferences
between the 𝐾∗𝜋 and 𝐾𝜌 contributions. The origin of the phases in the QPCM are
exclusively the Breit-Wigner functions. The largest imaginary parts are expected for
𝐾1 → 𝐾0𝜋+𝜋0 since there are more interfering amplitudes involved. The smallest
imaginary parts are expected if 𝐾1(1400) → 𝐾+𝜋+𝜋− is considered exclusively, since the
𝐾1(1400) decays mainly into 𝐾∗𝜋. These features are well illustrated in the Dalitz plots
in Figure 5.4.

In Figure 5.5, the distributions of ⟨| ⃗𝒥|2⟩⋅𝑃𝑆 are shown on the left as a function of 𝑠. The
distributions for the individual resonances 𝐾1(1270) and 𝐾1(1400) are given in black and
blue, respectively. For the red, green and orange curves, 𝜉𝐾1(1270) = 1 is fixed and different
values of 𝜉𝐾1(1400) = 0.5, 1, −1 are used. A comparison of the plots with the measured
spectra of 𝐵+ → 𝐾+𝜋+𝜋−𝛾 decays [178–180] suggests a ratio of 𝜉𝐾1(1400)/𝜉𝐾1(1270) ≈ +1.
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Figure 5.5: ⟨| ⃗𝒥|2⟩ ⋅ 𝑃𝑆 (plots to the left) and 𝐴UD/𝜆𝛾 (plots to the right) as a function
of the invariant 𝐾0𝜋+𝜋0 (upper plots) and 𝐾+𝜋+𝜋− (lower plots) mass for individual
resonances 𝐾1(1270, 1400) and with different relative fraction 𝜉𝐾1(1400).

Both distributions exhibit a dominant peak regarding the 𝐾1(1270) resonance as well as
a subdominant signal at

√
𝑠 ≈ 1.4GeV.

On the right-hand side of Figure 5.5, we show 𝐴UD in units of 𝜆𝛾 as a function of 𝑠. We
consider the same scenarios as for the distributions of ⟨| ⃗𝒥|2⟩ ⋅ 𝑃𝑆. As the Dalitz plots, the
distributions confirm the conjecture that larger up-down asymmetries are expected for the
final state 𝐾0𝜋+𝜋0. 𝐴UD can locally obtain values of order 𝒪(0.2 − 0.3). Moreover, 𝐴UD
is negligibly small for 𝐾+𝜋+𝜋− when only the 𝐾1(1400) resonance is taken into account.
In general, up-down asymmetries are of order 𝒪(0.1) for this final state.

The QPCM predicts no further relative phases. However, analyses from the Belle
collaboration on 𝐵+ → 𝐽/𝜓𝐾+𝜋+𝜋− and 𝐵+ → 𝜓′𝐾+𝜋+𝜋− decays indicate a non-zero
phase

𝛿𝜌 = arg[ 𝒜(𝐾1(1270) → (𝐾𝜌)𝑆) × 𝒜(𝜌 → 𝜋𝜋)
𝒜(𝐾1(1270) → (𝐾∗𝜋)𝑆) × 𝒜(𝐾∗ → 𝐾𝜋)

] (5.22)

of 𝛿𝜌 = −(43.8±4.0±7.3)∘ [178]. A similar conclusion was drawn by the Babar collaboration
when they re-analyzed ACCMOR data [181]. They obtain a value of 𝛿𝜌 = −(31 ± 1)∘

[182]. Even though such a phase has no appreciable effect on ⟨| ⃗𝒥|2⟩, Im[�⃗� ⋅ ( ⃗𝒥 × ⃗𝒥∗)]
is sensitive to such phases. Therefore, we examine the influence of 𝛿𝜌 = −40∘ on the
up-down asymmetry in Figure 5.6. The solid lines correspond to the predictions from
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Figure 5.6: 𝐴UD/𝜆𝛾 as a function of the invariant 𝐾0𝜋+𝜋0 (left plot) and 𝐾+𝜋+𝜋− (right
plot) mass for individual resonances 𝐾1(1270, 1400) and with different relative fraction
𝜉𝐾1(1400). Solid lines correspond to the pure quark model prediction. Dashed lines illustrate
the effect of the additional phase 𝛿𝜌 = −40∘.

Figure 5.5, while the dashed lines include the additional phase 𝛿𝜌. Analogously, we analyze
the influence of an additional phase

𝛿𝐷 = arg [𝒜(𝐾1(1270) → (𝐾∗𝜋)𝐷)
𝒜(𝐾1(1270) → (𝐾∗𝜋)𝑆)

] = 90∘ . (5.23)

In Figure 5.7, we compare the results of the QPCM with the effects of the additional
phase 𝛿𝐷, which are again indicated by dashed lines. Adding the 𝛿𝜌 = −40∘ phase has
slight effects on the 𝐴UD/𝜆𝛾 spectra for 𝐾0𝜋+𝜋0. Qualitatively, the shapes of the curves
agree well. The largest differences are in the region of small 𝑠. The additional peak for
𝜉𝐾1(1400) = −1 is particularly prominent. However, 𝐴UD/𝜆𝛾 remain of order 𝒪(0.2 − 0.3).
For 𝐾+𝜋+𝜋−, more pronounced changes in the spectra occur, again primarily found in
the region of smaller 𝑠. Thus, much larger values of the order 𝒪(0.4) can occur locally.
The phase 𝛿𝐷, on the other hand, also has a significant influence on the shape of the
distributions for large values of 𝑠.

Assuming 𝐾1(1270) dominance, the 𝑠-integrated up-down asymmetry yields values in
the range of [−30%, +2%] and [−13%, −2%] for 𝐾0𝜋+𝜋0 and 𝐾+𝜋+𝜋−, respectively. We
note that binning is beneficial to prevent cancellations associated with the sign changes of
𝐴UD. We emphasize that the estimates have sizable uncertainties. In addition, the used
model does not take into account resonances beyond 𝐾1(1400), which yield visible signals
in the data of 𝐵+ → 𝐾+𝜋+𝜋−𝛾 [179]. Moreover, the region of high 𝑠 is expected to be
dominated by bremsstrahlung, as it is the case for the three-body decays. Overall, the
model oversimplifies the situation for 𝑠 ≳ 2GeV2 and has to be considered as a zeroth
order study. However, the estimates indicate that 𝐴UD/𝜆𝛾 can at least locally acquire
sizable values. Thus, the sensitivity for the null test is given.
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Figure 5.7: 𝐴UD/𝜆𝛾 as a function of the invariant 𝐾0𝜋+𝜋0 (left plot) and 𝐾+𝜋+𝜋− (right
plot) mass for individual resonances 𝐾1(1270, 1400) and with different relative fraction
𝜉𝐾1(1400). Solid lines correspond to the pure quark model prediction. Dashed lines illustrate
the effect of the additional phase 𝛿𝐷 = 90∘.

5.5 Summary
In addition to branching ratios, CP asymmetries, and angular observables, the photon
polarization in radiative charm decays is an interesting observable for testing the SM. An
extraction of the photon polarization from the angular distribution of D meson decays
requires a final state with at least three hadrons. In this chapter we have discussed
the up-down asymmetry of 𝐷+

(𝑠) → 𝐾+
1 (→ 𝐾𝜋𝜋)𝛾, which is proportional to the photon

polarization parameter. A direct determination of 𝜆𝛾 by means of 𝐴UD poses the same
challenge as in B physics. An exact knowledge of the helicity amplitudes and in particular
of all relative phases is required. However, charm physics offers an advantage over B
physics. With 𝐷+ → 𝐾+

1 (→ 𝐾𝜋𝜋)𝛾 and 𝐷𝑠 → 𝐾+
1 (→ 𝐾𝜋𝜋)𝛾 there are partner decays,

the first of which is SM-like, while the second is an FCNC and thus sensitive to new
physics in the electromagnetic dipole operators. Since the helicity amplitudes for both
decays are universal, the hadronic prefactor drops out of the ratio of up-down asymmetries.
In the SM, the ratio is one in the U-spin limit. Assuming that the photons in the 𝐷+

decay are mainly left-handed polarized (𝜆𝛾 < −0.5), as implied by leading order QCDF,
all ratios beyond 0.8 ≲ 𝐴𝐷𝑠

UD/𝐴𝐷+

UD = 𝜆𝐷𝑠𝛾 /𝜆𝐷+

𝛾 ≲ 1.2 are a hint of new physics in 𝑂(′)
7 .

The estimate of the BSM potential in Figure 5.3 shows that much larger effects can be
obtained with the current limits on 𝐶(′)

7 (3.16).
We used an phenomenological model based on quasi two-body decays to estimate

the proportionality factor between the up-down asymmetry and the photon polarization
parameter. 𝐴UD/𝜆𝛾 is of order 𝒪(10%) for 𝐾+

1 → 𝐾+𝜋+𝜋−, and in extreme cases even
𝒪(40%). For 𝐾+

1 → 𝐾0𝜋+𝜋0, the proportionality factor can reach values of 𝒪(30%), as
shown in Figures 5.5-5.7. The uncertainties of these estimates are sizeable, as in B physics,
but this does not affect the null test. However, it can be reasonably expected that the
sensitivity of 𝐴UD to 𝜆𝛾 is at least given for some bins of the invariant mass squared 𝑠.
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In chapter 5 we have seen that the polarization of photons in rare radiative charm decays is
a good observable to test the SM. On the one hand, current limits on the dipole coefficients
still allow for huge NP effects. On the other hand, an accurate SM prediction is not
necessarily needed to search for NP effects. Instead, it is sufficient to compare the photon
polarizations of partner decays, i.e., a SM-like and a BSM sensitive decay mode, which
are connected by the 𝑆𝑈(3)𝐹 symmetry. Despite the uncertainties of flavor relations of
order 30%, this method works as the effects of new physics can be much larger.

However, for 𝐷 mesons we need at least a four-body decay to access the photon
polarization via the angular distribution. Four body decays are both experimentally
and theoretically challenging. Although the hadronic prefactor drops out in the ratio
of up-down asymmetries (5.6), it determines the sensitivity of the up-down asymmetry
to the photon polarization. Moreover, without the exact knowledge of the 𝐾1 → 𝐾𝜋𝜋
helicity amplitude, only a determination of the ratio of the polarizations is possible. If
the polarization parameter of the SM-like decay mode is close to zero, U-spin breaking
effects can have a huge impact on the ratio 𝜆𝐷𝑠𝛾 /𝜆𝐷+

𝛾 .
In comparison, radiative decays of charmed baryons 𝐵𝑐 have a great advantage. Due to

their spin, the angular distribution of the two-body decay 𝐵𝑐 → 𝐵𝛾 already depends on
the polarization parameter, if the 𝐵𝑐 is polarized. For unpolarized charm baryons, the
photon polarization can be extracted from the angular distribution of the decay chain
𝐵𝑐 → 𝐵(→ 𝐵′𝑃)𝛾, provided that the 𝐵 is a weakly decaying hyperon.

Thus, in this chapter weak radiative decays of charmed anti-triplet baryons 𝐵𝑐3 (𝛬𝑐,
𝛯+

𝑐 , 𝛯0
𝑐 ) and sextet baryons 𝐵𝑐6 (𝛴++

𝑐 , 𝛴+
𝑐 , 𝛴0

𝑐 , 𝛯′+
𝑐 , 𝛯′0

𝑐 , 𝛺𝑐) are discussed. The analysis
is restricted to the spin 1/2 multiplet of the sextet baryons. Furthermore, the emphasis is
on decays in the light octet baryons 𝐵8, as the decuplet baryons 𝐵10 are spin 3/2 baryons
which decay strongly and electromagnetically. In section 6.1 we define the decay amplitude
and present the long-distance and short distance 𝑐 → 𝑢𝛾 contributions. In section 6.2
we provide flavor relations between the decay amplitudes based on U-spin and 𝑆𝑈(3)𝐹,
which we use to bypass the difficulty in the calculation of the dominant weak annihilation
contributions. We present the observables for the two-body decays 𝐵𝑐 → 𝐵𝛾 and the
decay chains 𝐵𝑐 → 𝐵(→ 𝐵′𝑃)𝛾 in section 6.3 and 6.4, respectively. Beside the photon
polarization, branching ratios and CP asymmetries are studied. In 6.5 the BSM reach of
branching ratios and the photon polarization is estimated. To conclude, the results are
summarized in section 6.6.
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6 Rare radiative decays of charm baryons

c u c u c u

Figure 6.1: Contributions to 𝐵𝑐 → 𝐵𝛾 decays. The left diagram shows weak annihilation
inside the baryons. Possible emissions of photons are marked by crosses. Long distance
𝑐 → 𝑢𝛾 contributions with a photon coupling to the weak current via the light vector
mesons 𝜌0, 𝜔 and 𝜙 are illustrated in the middle. On the right, short distance 𝑐 → 𝑢𝛾
contributions from the electromagnetic dipole operators 𝑂(′)

7 are shown.

6.1 Decay amplitude
The general Lorentz decomposition of the 𝐵𝑐3/𝑐6 → 𝐵8𝛾 decay amplitude

𝒜(𝐵𝑐 → 𝐵𝛾) = 𝐺𝐹𝑒√
2

�̄�(𝑞, 𝑠𝐵) [𝐹𝐿𝑃𝑅 + 𝐹𝑅𝑃𝐿] /𝑘/𝜖∗𝑢(𝑃 , 𝑠𝐵𝑐
) (6.1)

is given in terms of contributions for left-handed photons 𝐹𝐿 and right-handed photons
𝐹𝑅. 𝑃𝐿 and 𝑃𝑅 denote the chiral projectors defined in (2.13). 𝑠𝐵𝑐

and 𝑠𝐵 refer to the
spin of the 𝐵𝑐3/𝑐6 and 𝐵8, respectively. Furthermore, 𝑃 and 𝑞 denote the four momenta of
the 𝐵𝑐3/𝑐6 and 𝐵8. The four momentum and polarization vector of the photon are labeled
as 𝑘 and 𝜖, respectively. Note that in the literature the general Lorentz decomposition is
usually given in terms of a parity-even and parity-odd component 𝐹1 and 𝐹2, respectively.
The left- and right-handed contributions can be expressed by 𝐹1 and 𝐹2 with the simple
relation 𝐹𝐿/𝑅 = 𝐹1 ± 𝐹2. However, as the emphasis of this chapter is on the photon
polarization, the given representation of the decay amplitude is beneficial.

In Fig. 6.1, we show Feynman diagrams for different decay mechanisms contributing
to 𝐵𝑐 → 𝐵𝛾. From the shown decay mechanisms, only weak annihilation contributes to
the SM-like CF and DCS decays. Within the SM, the SCS decays are also dominated
by WA. At leading order, the WA amplitude scales with the color-allowed coefficient 𝐶−.
However, we do not rely on the theory prediction of the weak annihilation amplitude, as
theory methods are subject to large uncertainties. Theory predictions [183–185] for the
branching ratios and polarizations are summarized in Table 25 of [186]. The branching
ratios of the CF decays 𝛬𝑐 → 𝛴+𝛾 and 𝛯0

𝑐 → 𝛯0𝛾 vary between 0.3 ⋅ 10−4 and 3 ⋅ 10−4.
Photon polarizations vary between −0.49 and 0.86. Note that some works did not take
into account the Wilson coefficients which enhance the amplitude by 𝐶−. Instead we
suggest to extract the contributions from weak annihilation to 𝐹𝐿/𝑅 from the SM-like
decay modes. Subsequently, the flavor relations determined in the next section can be
used to estimate the SM contribution of the BSM sensitive SCS decay modes.

The middle diagram in Fig. 6.1 shows the long distance 𝑐 → 𝑢𝛾 contributions where
the photon is connected to the weak current via intermediate vector mesons 𝜌0, 𝜔 and
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𝜙. The long distance 𝑐 → 𝑢𝛾 contributions are induced by the four quark operators 𝑂1,2.
A naive combination of the factorization approach ⟨𝑉 |( ̄𝑞𝑞)𝑉 −𝐴|0⟩ ⟨𝐵|(�̄�𝑐)𝑉 −𝐴|𝐵𝑐⟩ and
the Lagrangian for 𝑉 𝛾 conversion (4.14) would lead to an amplitude violating 𝑈(1)EM
gauge invariance. To prevent the violation of gauge invariance, only the transversal
polarized states of the vector mesons may be taken into account. Following [187–189], the
longitudinal and transversal parts can be separated using the Gordan identity

𝑚𝑐�̄�𝛾𝜇(1 − 𝛾5)𝑐 = (2𝑃 𝜇 − 𝑞𝜇)�̄�(1 + 𝛾5)𝑐 − 𝑖�̄�𝜎𝜇𝜈𝑞𝜈(1 + 𝛾5)𝑐 , (6.2)

where terms ∼ 𝑚𝑢 are neglected. Here, 𝑃 and 𝑞 denote the momentum of the 𝑐 quark and
the momentum transfer, respectively. The first and second term vanish for transversal and
longitudinal polarization vectors, respectively. Thus, the long distance 𝑐 → 𝑢𝛾 amplitude
is described by an operator with tensor structure. The long distance amplitude reads

𝐹 LD
𝐿 = −2

̃𝐶𝐶VMD
𝑚𝑐

ℎ𝐵𝑐→𝐵
⟂ (𝑘2 = 0) , 𝐹 LD

𝑅 = 0 , (6.3)

where ̃𝐶 is the color-suppressed combination of Wilson coefficients (3.15) and

𝐶VMD = 𝑉 ∗
𝑐𝑠𝑉𝑢𝑠 (−1

3
𝑓2

𝜙) + 𝑉 ∗
𝑐𝑑𝑉𝑢𝑑 (−1

2
𝑓 (𝑑)

𝜌0

2
+ 1

6
𝑓 (𝑑)

𝜔
2
) . (6.4)

As in section 4.2.2, we assume that the vector meson decay constants vary only slightly
between the mass shell of the mesons and the photon 𝑓𝑉(𝑘2 = 0) ≈ 𝑓𝑉(𝑘2 = 𝑚2

𝑉). Due
to GIM cancellations and similar values for the decay constants, one obtains 𝐶VMD ≈
−6.3 ⋅ 10−4 GeV2 which is about two orders of magnitude smaller than the individual
contributions 𝜆𝑓2

𝑉 ∼ 10−2 GeV2. Furthermore, ℎ𝐵𝑐→𝐵
⟂ is the tensor form factor, which is

defined in appendix B.4. In writing down (6.5) we used the endpoint relation ℎ𝐵𝑐→𝐵
⟂ (𝑘2 =

0) = ℎ̃𝐵𝑐→𝐵
⟂ (𝑘2 = 0) of the tensor form factors [190]. For 𝛬𝑐 → 𝑝 they are known from

lattice QCD [191] and relativistic quark models [192]. Moreover, results from light cone
sum rules are available for 𝛯𝑐 → 𝛴 [193]. For the estimation of the BSM reach in section
6.5, results from lattice QCD ℎ𝛬𝑐→𝑝

⟂ (𝑘2 = 0) = 0.511 ± 0.027 and the flavor relations in
section 6.2 are used.

Due to the GIM suppression, the long distance contributions are negligible for branching
ratios and the photon polarization. The same holds for the SM contributions of the
electromagnetic dipole operators, which are shown on the right of Fig. 6.1. However, BSM
physics can induce sizable dipole coefficients. The left- and right-handed NP amplitudes
are given by

𝐹 NP
𝐿 = − 𝑚𝑐

2𝜋2 𝐶7ℎ𝐵𝑐→𝐵
⟂ (𝑘2 = 0) ,

𝐹 NP
𝑅 = − 𝑚𝑐

2𝜋2 𝐶′
7ℎ𝐵𝑐→𝐵

⟂ (𝑘2 = 0) .
(6.5)

6.2 Flavor symmetry relations
In this section the flavor relations between the different decay modes are derived. As
stated before, we will focus on the decays of charmed anti-triplet and sextet baryons
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into light octet baryons as the decuplet baryons have spin 3/2 and decay strongly and
electromagnetically. We will also comment on 𝐵𝑐3/𝑐6 → 𝐵10𝛾 in this section. However,
group theoretical decompositions of the decay amplitudes and the resulting relations are
only given in appendix E.2.3. Once branching ratios and photon polarizations of the
SM-like decays are determined experimentally, the left-and right-handed SM amplitudes
of the BSM sensitive decay can be estimated using those relations. We use both the
approximate 𝑆𝑈(2)𝑈 and 𝑆𝑈(3)𝐹 symmetries to derive flavor relations between the
amplitudes. 𝑆𝑈(2)𝐼,𝑈,𝑉 and 𝑆𝑈(3)𝐹 wave functions are given in Table E.2. We start with
the simpler U-spin symmetry. Following [172], we express the SM Lagrangian in terms of
U-spin operators

ℒCF
eff ∝ −𝑉 ∗

𝑐𝑠𝑉𝑢𝑑(1, −1)𝑈 ,
ℒSCS

eff ∝
√

2 (𝛴(1, 0)𝑈 + 𝛥(0, 0)𝑈) ,
ℒDCS

eff ∝ 𝑉 ∗
𝑐𝑑𝑉𝑢𝑠(1, 1)𝑈 ,

(6.6)

where (𝑖, 𝑗)𝑈 = 𝒪𝑈=𝑖
𝑈3=𝑗. 𝑖 and 𝑗 denote the total U-spin and the third component of the

operator, respectively.

𝛴 = 𝑉 ∗
𝑐𝑠𝑉𝑢𝑠 − 𝑉 ∗

𝑐𝑑𝑉𝑢𝑑
2

∼ 𝜆 and 𝛥 = 𝑉 ∗
𝑐𝑠𝑉𝑢𝑠 + 𝑉 ∗

𝑐𝑑𝑉𝑢𝑑
2

= −𝑉 ∗
𝑐𝑏𝑉𝑢𝑏

2
∼ 𝜆5 (6.7)

are the CKM leading and subleading combinations of the CKM matrix elements. Due to
the CKM suppression, the singlet operator is negligible for branching ratios and the photon
polarization. However, it is crutial for SM CP asymmetries as it provides the necessary
second CP violating phase. The long distance and short distance 𝑐 → 𝑢𝛾 contributions
are also described by an U-spin preserving singlet operator. However, in the following
we distinguish between the contributions of the two singlet operators as we consider 𝑂(′)

7
as a source of NP. Furthermore, this allows us to use additional simple isospin relations
between amplitudes of dipole operators. Thus, the corresponding Lagrangian for the long
distance and short distance 𝑐 → 𝑢𝛾 contributions can be written as

ℒ𝑐→𝑢𝛾
eff ∝ (0, 0)𝑈

∝ (1/2, 1/2)𝐼 .
(6.8)

The general U-spin decompositions of the SM decay amplitudes are given in Table E.3, E.5
and E.11 for 𝐵𝑐3 → 𝐵8𝛾, 𝐵𝑐6 → 𝐵8𝛾 and 𝐵𝑐6 → 𝐵10𝛾, respectively. For 𝐵𝑐3 → 𝐵8𝛾, two
amplitudes are required for both the triplet and singlet operator to parametrize all decay
modes. Since the 𝛴++

𝑐 does not decay into 𝐵8𝛾, there is no decay of a 𝐵𝑐6 U-spin singlet,
however, the 𝐵𝑐6 includes the U-spin triplet states (𝛴0

𝑐 , 𝛯′0
𝑐 , 𝛺𝑐), see Fig. 2.3. With an

U-spin triplet in the initial state, both the singlet and triplet component of the 𝛬 and 𝛴0

can contribute to the decay amplitude. Thus, a total number of three amplitudes is needed
to parametrize the contributions of (1, 𝑗)𝑈 operators for 𝐵𝑐6 → 𝐵8𝛾. For 𝐵𝑐6 → 𝐵10𝛾,
the number of independent contributions of the U-spin triplet operators is reduced to
two as the 𝛴∗0 is a pure triplet state and no spin 3/2 analogue of the 𝛬 is part of the
decuplet. However, three amplitudes are needed for the parametrization of (0, 0)𝑈 as
singlets, doublets and triplets are part of the 𝐵𝑐6 and 𝐵10 multiplets. In Table E.4, E.6 and
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E.10 the iso- and U-spin decompositions of the 𝑐 → 𝑢𝛾 long distance and short distance
contributions are shown. Using U-spin, the same number of independent amplitudes is
required to describe the 𝑐 → 𝑢𝛾 contribution as for the SM singlet component. However,
the simple isospin structure of (6.8) allows to reduce the number of 𝑐 → 𝑢𝛾 amplitudes to
one for each of the categories 𝐵𝑐3 → 𝐵8𝛾, 𝐵𝑐6 → 𝐵8𝛾 and 𝐵𝑐6 → 𝐵10𝛾.

Similarly, the SM Lagrangians can be written in terms of 𝑆𝑈(3)𝐹 operators. In
general, four quark operators ( ̄𝑞𝑙𝛤𝑞𝑗)( ̄𝑞𝑘𝛤𝑐) with 𝑞𝑖 = (𝑢, 𝑑, 𝑠) decompose as 3 ⊗ 3 ⊗ 3 =
3 ⊕ 3 ⊕ 6 ⊕ 15. Thus, the Lagrangian consists of 𝑆𝑈(3)𝐹 operators with three different
representations, where the triplet operator exclusivly appears in SCS transitions. In detail,
the Lagrangians for CF, SCS and DCS decays are given by

ℒCF
eff = 𝑉 ∗

𝑐𝑠𝑉𝑢𝑑 (6− 2
3 ,1,1 + 15− 2

3 ,1,1) ,

ℒSCS
eff = 𝛴 (

√
2 6 1

3 , 1
2 , 1

2
+ 2√

3
15 1

3 , 1
2 , 1

2
− √2

3
15 1

3 , 3
2 , 1

2
)

+ 𝛥 (3 1
3 , 1

2 , 1
2

+ 1√
3

15 1
3 , 1

2 , 1
2

+ √2
3

15 1
3 , 3

2 , 1
2
) ,

ℒDCS
eff = 𝑉 ∗

𝑐𝑑𝑉𝑢𝑠 (−6 4
3 ,0,0 + 15 4

3 ,1,0) ,

(6.9)

where R𝑌 ,𝐼,𝐼3
denotes a 𝑆𝑈(3)𝐹 operator with irreducible representation R, hypercharge 𝑌

and isospin 𝐼, 𝐼3. Furthermore, the SM 𝑐 → 𝑢𝛾 contributions refers to the triplet operator
3 1

3 , 1
2 , 1

2
. NP effects by 𝑂(′)

7 are described by an triplett operator with the same quantum
numbers. The products of the operators with the 𝑆𝑈(3)𝐹 states of the charm baryons
decompose into irreducible representations as follows

3 ⊗ 3 = 8 ⊕ 1 , 3 ⊗ 6 = 10 ⊕ 8 ,
6 ⊗ 3 = 10 ⊕ 8 , 6 ⊗ 6 = 27 ⊕ 8 ⊕ 1 ,
15 ⊗ 3 = 27 ⊕ 10 ⊕ 8 , 15 ⊗ 6 = 35 ⊕ 27 ⊕ 10 ⊕ 10 ⊕ 8 .

(6.10)

Two important facts can be inferred from the decomposition. On the one hand, the only
non-zero contribution to 𝐵𝑐3 → 𝐵10𝛾 arises from the 15 operator. Thus, such decays
are not suitable for the search for NP in 𝑂(′)

7 . On the other hand, the sextet operator
does not contribute to 𝐵𝑐6 → 𝐵10𝛾. Therefore, in contrast to U-spin symmetry, only
three, three and two independent amplitudes are needed to parametrize the 𝐵𝑐3 → 𝐵8𝛾,
𝐵𝑐6 → 𝐵8𝛾 and 𝐵𝑐6 → 𝐵10𝛾 decay amplitudes, respectively. In appendix E.2.2 the explicit
decompositions for all individual operators and charm baryons are given. 𝑆𝑈(3) Clebsch
Gordan coefficients are determined using the isoscalar factors from [194]. The 𝑆𝑈(3)𝐹
decompositions of the decay amplitudes are shown in Table E.7 and E.8.

Finally, we use the 𝑆𝑈(3)𝐹 irreducible representation approach (IRA) to derive the
flavor relations. In the 𝑆𝑈(3)𝐹 IRA, the effective Lagrangian for 𝑐 → 𝑢𝛾 transitions can
be written analogously to [195] as

ℒeff = 𝐺𝐹√
2

(𝐶−𝐻(6)𝑙𝑘
𝑗 + 𝐶+𝐻(15)𝑙𝑘

𝑗 + 𝐻(3)𝑙) . (6.11)
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The tensor representation 𝐻(3)𝑙 denotes the contributions of triplet operators such as 𝑂(′)
7 .

For 𝑐 → 𝑢 transitions, the only non zero entry is 𝐻(3)1 = 1. The tensor representations
𝐻(6)𝑙𝑘

𝑗 and 𝐻(15)𝑙𝑘
𝑗 correspond to the operators

𝒪6 ∝ ( ̄𝑞𝑙𝑞𝑗 ̄𝑞𝑘 − ̄𝑞𝑘𝑞𝑗 ̄𝑞𝑙) 𝑐 , 𝒪15 ∝ ( ̄𝑞𝑙𝑞𝑗 ̄𝑞𝑘 + ̄𝑞𝑘𝑞𝑗 ̄𝑞𝑙) 𝑐 , (6.12)

where we neglected the Lorentz structure to ease the notation. The tensors 𝐻(6)𝑙𝑘
𝑗 and

𝐻(15)𝑙𝑘
𝑗 are antisymmetric and symmetric in the upper indices, respectively. A set of

traceless tensors (∑𝑗 𝐻𝑖𝑗
𝑗 = ∑𝑗 𝐻𝑗𝑖

𝑗 = 0) which satisfy the conditions are given in [196,
197]. For Cabibbo favored 𝑐 → 𝑠𝑢 ̄𝑑 transitions the non-zero elements are

𝐻(6)31
2 = −𝐻(6)13

2 = 1 , 𝐻(15)31
2 = 𝐻(15)13

2 = 1 , (6.13)

with an overall factor of 𝑉 ∗
𝑐𝑠𝑉𝑢𝑑. For doubly Cabibbo suppressed 𝑐 → 𝑑𝑢 ̄𝑠 transitions the

non-zero elements are

−𝐻(6)21
3 = 𝐻(6)12

3 = 1 , 𝐻(15)21
3 = 𝐻(15)12

3 = −1 , (6.14)

with an overall factor of 𝑉 ∗
𝑐𝑑𝑉𝑢𝑠. It turns out that the tensors for SCS decays have more

non-zero elements, since the down type quarks have the same flavour and the tensors are
traceless. As a consequence also elements whose indices do not match the flavours of the
operators in (6.12) obtain non-vanishing entries. The structural differences compared to
the CF and DCS transitions can be understood as effects of further decay topologies such
as penguin-like diagrams, which are only possible for SCS modes. For 𝑐 → 𝑢𝑑 ̄𝑑 transitions
the non-zero elements are given by

𝐻(6)21
2 = −𝐻(6)12

2 = 𝐻(6)13
3 = −𝐻(6)31

3 = 1
2

,

1
3

𝐻(15)21
2 = 1

3
𝐻(15)12

2 = −1
2

𝐻(15)11
1 = −𝐻(15)13

3 = −𝐻(15)31
3 = 1

4
,

(6.15)

with an overall factor of 𝑉 ∗
𝑐𝑑𝑉𝑢𝑑. Analogously, the non.zero elements of the tensors for

𝑐 → 𝑢𝑠 ̄𝑠 transitions read

− 𝐻(6)21
2 = 𝐻(6)12

2 = −𝐻(6)13
3 = 𝐻(6)31

3 = 1
2

,

− 𝐻(15)21
2 = −𝐻(15)12

2 = −1
2

𝐻(15)11
1 = 1

3
𝐻(15)13

3 = 1
3

𝐻(15)31
3 = 1

4
,

(6.16)

with an overall factor of 𝑉 ∗
𝑐𝑠𝑉𝑢𝑠.

The 𝑆𝑈(3)𝐹 multiplets of the baryons are also represented as tensors in flavor space.
For the charm baryons we obtain

𝐵𝑐3 = (𝛯0
𝑐 , −𝛯+

𝑐 , 𝛬𝑐) , 𝐵𝑐6 = ⎛⎜⎜
⎝

𝛴++
𝑐

1√
2𝛴+

𝑐
1√
2𝛯′+

𝑐
1√
2𝛴+

𝑐 𝛴0
𝑐

1√
2𝛯′0

𝑐
1√
2𝛯′+

𝑐
1√
2𝛯′0

𝑐 𝛺𝑐

⎞⎟⎟
⎠

. (6.17)
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6.2 Flavor symmetry relations

The light baryon octet 𝐵8 and decuplet 𝐵10 can be written as

𝐵8 =
⎛⎜⎜⎜
⎝

𝛬√
6 + 𝛴0

√
2 𝛴+ 𝑝

𝛴− 𝛬√
6 − 𝛴0

√
2 𝑛

𝛯− 𝛯0 − 2𝛬√
6

⎞⎟⎟⎟
⎠

, (6.18)

𝐵10 = 1√
3

⎛⎜⎜
⎝

⎛⎜⎜
⎝

√
3𝛥++ 𝛥+ 𝛴∗+

𝛥+ 𝛥0 𝛴∗0
√

2
𝛴∗+ 𝛴∗0

√
2 𝛯∗0

⎞⎟⎟
⎠

,
⎛⎜⎜
⎝

𝛥+ 𝛥0 𝛴∗0
√

2
𝛥0 √

3𝛥− 𝛴∗−

𝛴∗0
√

2 𝛴∗− 𝛯∗−

⎞⎟⎟
⎠

,
⎛⎜⎜
⎝

𝛴∗+ 𝛴∗0
√

2 𝛯∗0

𝛴∗0
√

2 𝛴∗− 𝛯∗−

𝛯∗0 𝛯∗− √
3𝛺−

⎞⎟⎟
⎠

⎞⎟⎟
⎠

.

The decay amplitudes are obtained from the sum of all possible contractions of the flavour
indices of the tensors 𝐻 and the baryon tensors. The addends are weighted with generic
coefficients that parameterize the decay amplitudes. Thus, the amplitudes can be written
as [198]

𝒜(𝐵𝑐3 → 𝐵8𝛾) = 𝑏1𝐻(3)𝑘(𝐵𝑐3)[𝑖𝑗](𝐵8)[𝑖𝑗]𝑘 + 𝑏2𝐻(3)𝑘(𝐵𝑐3)[𝑖𝑗](𝐵8)𝑗[𝑖𝑘]

+ ( ̃𝑏1𝐻(6)𝑙𝑘
𝑗 + ̃𝑏4𝐻(15)𝑙𝑘

𝑗 ) (𝐵𝑐3)[𝑖𝑗](𝐵8)𝑘[𝑖𝑙]

+ ( ̃𝑏2𝐻(6)𝑙𝑘
𝑗 + ̃𝑏5𝐻(15)𝑙𝑘

𝑗 ) (𝐵𝑐3)[𝑖𝑗](𝐵8)𝑙[𝑖𝑘]

+ ( ̃𝑏3𝐻(6)𝑙𝑘
𝑗 + ̃𝑏6𝐻(15)𝑙𝑘

𝑗 ) (𝐵𝑐3)[𝑖𝑗](𝐵8)𝑖[𝑙𝑘] ,

(6.19)

𝒜(𝐵𝑐6 → 𝐵8𝛾) = 𝑏′
1𝐻(3)𝑘(𝐵𝑐6)𝑖𝑗(𝐵8)𝑗[𝑖𝑘]

+ ( ̃𝑏′
1𝐻(6)𝑙𝑘

𝑗 + ̃𝑏′
4𝐻(15)𝑙𝑘

𝑗 ) (𝐵𝑐6)𝑖𝑗(𝐵8)𝑘[𝑖𝑙]

+ ( ̃𝑏′
2𝐻(6)𝑙𝑘

𝑗 + ̃𝑏′
5𝐻(15)𝑙𝑘

𝑗 ) (𝐵𝑐6)𝑖𝑗(𝐵8)𝑙[𝑖𝑘]

+ ( ̃𝑏′
3𝐻(6)𝑙𝑘

𝑗 + ̃𝑏′
6𝐻(15)𝑙𝑘

𝑗 ) (𝐵𝑐6)𝑖𝑗(𝐵8)𝑖[𝑙𝑘] ,

(6.20)

𝒜(𝐵𝑐6 → 𝐵10𝛾) = 𝑏′′
1 𝐻(3)𝑘(𝐵𝑐6)𝑖𝑗(𝐵10)𝑖𝑗𝑘 + ̃𝑏′′

1 𝐻(15)𝑙𝑘
𝑗 (𝐵𝑐6)𝑖𝑗(𝐵10)𝑖𝑙𝑘 , (6.21)

where (𝐵𝑐3)[𝑖𝑗] = 𝜖𝑖𝑗𝑘(𝐵𝑐3)𝑘 and (𝐵8)𝑖[𝑗𝑘] = 𝜖𝑗𝑘𝑥(𝐵8) 𝑥
𝑖 . Due to the symmetry properties

of the tensors 𝐻, the number of necessary coefficients can be reduced as follows
̃𝑏(′)
2 = − ̃𝑏(′)

1 , ̃𝑏(′)
4 = ̃𝑏(′)

5 , ̃𝑏(′)
6 = 0 . (6.22)

In the following, the explicit determination of an amplitude is shown using the example
of 𝛬𝑐 → 𝑝𝛾. The relevant elements of the baryon tensors for this decay are (𝐵𝑐3)[12] =
−(𝐵𝑐3)[21] = 𝛬𝑐 and (𝐵8)1[12] = −(𝐵8)1[21] = 𝑝. Thus, all contractions contributing to
𝛬𝑐 → 𝑝𝛾 are given by

𝒜(𝛬𝑐 → 𝑝𝛾) = 𝑏1𝐻(3)1 ((𝐵𝑐3)[12](𝐵8)1[12] + (𝐵𝑐3)[21](𝐵8)1[21])

+ 𝑏2𝐻(3)1(𝐵𝑐3)[21](𝐵8)1[21]

+ ( ̃𝑏1𝐻(6)21
2 + ̃𝑏4𝐻(15)21

2 ) (𝐵𝑐3)[12](𝐵8)1[12]

+ (− ̃𝑏1𝐻(6)12
2 + ̃𝑏4𝐻(15)12

2 ) (𝐵𝑐3)[12](𝐵8)1[12]

+ 2 ̃𝑏4𝐻(15)11
1 (𝐵𝑐3)[21](𝐵8)1[21]

+ ̃𝑏3 (𝐻(6)12
2 (𝐵𝑐3)[12](𝐵8)1[12] + 𝐻(6)21

2 (𝐵𝑐3)[12](𝐵8)1[21]) .

(6.23)
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6 Rare radiative decays of charm baryons

Decay U-Spin 𝑆𝑈(3)𝐹 𝑆𝑈(3)𝐹 IRA
𝛬𝑐 → 𝛴+𝛾 𝑉 ∗

𝑐𝑠𝑉𝑢𝑑𝐴𝛴 𝑉 ∗
𝑐𝑠𝑉𝑢𝑑𝐵𝛴 𝑉 ∗

𝑐𝑠𝑉𝑢𝑑𝐷
𝛯0

𝑐 → 𝛯0𝛾 𝑉 ∗
𝑐𝑠𝑉𝑢𝑑𝐴′

𝛴 𝑉 ∗
𝑐𝑠𝑉𝑢𝑑𝐵′

𝛴 𝑉 ∗
𝑐𝑠𝑉𝑢𝑑𝐷′

𝛬𝑐 → 𝑝𝛾 −𝛴𝐴𝛴 + 𝛥𝐴𝛥 + 𝐴7 𝛴𝐵𝛴 − 𝛥𝐵𝛥 + 𝐵7 𝛴𝐷 − 𝛥 ̃𝑏4 + 𝐷7
𝛯+

𝑐 → 𝛴+𝛾 𝛴𝐴𝛴 + 𝛥𝐴𝛥 + 𝐴7 −𝛴𝐵𝛴 − 𝛥𝐵𝛥 + 𝐵7 𝛴𝐷 + 𝛥 ̃𝑏4 − 𝐷7

𝛯0
𝑐 → 𝛬𝛾 −√3

2𝛴𝐴′
𝛴 − 1

2(𝛥𝐴′
𝛥 + 𝐴′

7) √3
2𝛴𝐵′

𝛴 + √3
2𝛥𝐵𝛥 + 1√

6𝐵7 −√3
2𝛴𝐷′ + √3

2𝛥 ̃𝑏4 + 1√
6𝐷7

𝛯0
𝑐 → 𝛴0𝛾 − 1√

2𝛴𝐴′
𝛴 +

√
3

2 (𝛥𝐴′
𝛥 + 𝐴′

7) − 1√
2𝛴𝐵′

𝛴 + 3√
2𝛥𝐵𝛥 + √1

2𝐵7
1√
2𝛴𝐷′ + 3√

2𝛥 ̃𝑏4 + 1√
2𝐷7

𝛯+
𝑐 → 𝑝𝛾 𝑉 ∗

𝑐𝑑𝑉𝑢𝑠𝐴𝛴 𝑉 ∗
𝑐𝑑𝑉𝑢𝑠𝐵𝛴 𝑉 ∗

𝑐𝑑𝑉𝑢𝑠𝐷
𝛯0

𝑐 → 𝑛𝛾 −𝑉 ∗
𝑐𝑑𝑉𝑢𝑠𝐴′

𝛴 𝑉 ∗
𝑐𝑑𝑉𝑢𝑠𝐵′

𝛴 −𝑉 ∗
𝑐𝑑𝑉𝑢𝑠𝐷′

Table 6.1: Comparison of the U-spin, 𝑆𝑈(3)𝐹 and 𝑆𝑈(3)𝐹 IRA relations for the 𝐵𝑐3 → 𝐵8𝛾
decays. 𝐴(′)

𝛴 and 𝐴(′)
𝛥 denote to the U-spin triplet and singlet SM contributions of the W-

exchange diagrams. 𝐴(′)
7 = 𝐴(′)

NP+𝐴(′)
LD refers to the 𝑐 → 𝑢𝛾 short distance and long distance

contributions with intermediate vector resonances. Note that 𝐴(′)
7 originates from U-spin

singlet operators and 𝐴(′)
LD also scales with 𝛥 in the limit 𝑓𝜙 = 𝑓 (𝑑)

𝜌 = 𝑓 (𝑑)
𝜔 . Furthermore,

𝐴7 =
√

2
3 𝐴′

7 in the isospin limit. Analogously, we used the notation 𝐵𝛴 =
√

2
3 𝐴6 − 2√

15 𝐴15,
𝐵′

𝛴 =
√

2
3 𝐴6 + 2√

15 𝐴15, 𝐵𝛥 = 1√
15 𝐴15 and 𝐵7 = 𝐵NP + 𝛥𝐴3 for the 𝑆𝑈(3)𝐹 relations.

Similarly, 𝐷 = −2( ̃𝑏1 − ̃𝑏3 + ̃𝑏4), 𝐷′ = 2( ̃𝑏1 − ̃𝑏3 − ̃𝑏′
4) and 𝐷7 = 2𝑏1 + 𝑏2 denote the W

exchange and 𝑐 → 𝑢𝛾 contributions, respectively.

By inserting the tensor elements and replacing the CKM matrix elements by 𝑉 ∗
𝑐𝑑𝑉𝑢𝑑 =

𝛥 − 𝛴 and 𝑉 ∗
𝑐𝑠𝑉𝑢𝑠 = 𝛥 + 𝛴, we obtain

𝒜(𝛬𝑐 → 𝑝𝛾) = 2𝑏1 + 𝑏2 − 2𝛴( ̃𝑏1 + ̃𝑏4 − ̃𝑏3) − 𝛥 ̃𝑏4 . (6.24)

Note that in some literature, see for instance [195], a simpler construction of 𝐻(6/15) is
used for the SCS transitions, where the tensors have an analogous structure to the CF
and DCS transitions. The additional topologies which are possible for SCS transitions are
thus neglected. As expected, however, this only affects the contributions ∝ 𝛥 and is thus
just relevant for SM CP violation.

In Table 6.1, 6.2 and E.9, the results for 𝑆𝑈(2)𝑈 and 𝑆𝑈(3)𝐹 relations are shown.
Furthermore, the results are compared with the 𝑆𝑈(3)𝐹 IRA. Several differences with
regard to the results from [198] become apparent, which are caused by missing contractions
in [198].

Based on the relation in Table 6.1 and 6.2, sum rules for the decay amplitudes can be
derived. Using the U-spin, relations for CF and SCS decays

𝒜(𝛬𝑐 → 𝑝𝛾) − 𝒜(𝛯+
𝑐 → 𝛴+𝛾) + 2 𝛴

𝑉 ∗
𝑐𝑠𝑉𝑢𝑑

𝒜(𝛬𝑐 → 𝛴+𝛾) = 0 ,

√
3𝒜(𝛯0

𝑐 → 𝛬𝛾) + 𝒜(𝛯0
𝑐 → 𝛴0𝛾) + 2

√
2 𝛴

𝑉 ∗
𝑐𝑠𝑉𝑢𝑑

𝒜(𝛯0
𝑐 → 𝛯0𝛾) = 0 ,

(6.25)
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6.2 Flavor symmetry relations

Decay U-Spin 𝑆𝑈(3)𝐹 𝑆𝑈(3)𝐹 IRA
𝛴+

𝑐 → 𝛴+𝛾 𝑉 ∗
𝑐𝑠𝑉𝑢𝑑𝐸𝛴 𝑉 ∗

𝑐𝑠𝑉𝑢𝑑𝐹𝛴 𝑉 ∗
𝑐𝑠𝑉𝑢𝑑𝐺

𝛴0
𝑐 → 𝛬𝛾 𝑉 ∗

𝑐𝑠𝑉𝑢𝑑 (
√

3
2

√
2𝐸′

𝛴 + 1
2

√
3𝐸′′

𝛴) − 1√
3𝑉 ∗

𝑐𝑠𝑉𝑢𝑑(2𝐹 ′
𝛴 − 𝐹𝛴) 1√

3𝑉 ∗
𝑐𝑠𝑉𝑢𝑑(2𝐺′ − 𝐺)

𝛴0
𝑐 → 𝛴0𝛾 𝑉 ∗

𝑐𝑠𝑉𝑢𝑑 ( 1
2

√
2𝐸′

𝛴 − 1
2𝐸′′

𝛴) 𝑉 ∗
𝑐𝑠𝑉𝑢𝑑𝐹𝛴 −𝑉 ∗

𝑐𝑠𝑉𝑢𝑑𝐺
𝛯′0

𝑐 → 𝛯0𝛾 𝑉 ∗
𝑐𝑠𝑉𝑢𝑑

1√
2𝐸′

𝛴 𝑉 ∗
𝑐𝑠𝑉𝑢𝑑𝐹 ′

𝛴 𝑉 ∗
𝑐𝑠𝑉𝑢𝑑𝐺′

𝛴+
𝑐 → 𝑝𝛾 −𝛴𝐸𝛴 + 𝛥𝐸𝛥 + 𝐸7 𝛴𝐹𝛴 + 3√

2𝛥𝐹𝛥 − 𝐹7 𝛴𝐺 + 3√
2𝛥 ̃𝑏′

4 − 𝐺7

𝛴0
𝑐 → 𝑛𝛾 −𝛴𝐸′

𝛴 + 𝛥𝐸′
𝛥 + 𝐸′

7
√

2𝛴𝐹 ′
𝛴 − 𝛥𝐹𝛥 −

√
2𝐹7

√
2𝛴𝐺′ − 𝛥 ̃𝑏′

4 −
√

2𝐺7
𝛯′+

𝑐 → 𝛴+𝛾 𝛴𝐸𝛴 + 𝛥𝐸𝛥 + 𝐸7 𝛴𝐹𝛴 − 3√
2𝛥𝐹𝛥 + 𝐹7 𝛴𝐺 − 3√

2𝛥 ̃𝑏′
4 + 𝐺7

𝛯′0
𝑐 → 𝛬𝛾 1√

6𝛴𝐸′′
𝛴 +

√
3

2 (𝛥𝐸′
𝛥 + 𝐸′

7) 1√
6(2𝐹𝛴 − 𝐹 ′

𝛴) −
√

3
2 𝛥𝐹𝛥 − √3

2𝐹7 − 1√
6(2𝐺 − 𝐺′) +

√
3

2 𝛥 ̃𝑏′
4 + √3

2𝐺7

𝛯′0
𝑐 → 𝛴0𝛾 − 1√

2𝛴𝐸′′
𝛴 + 1

2(𝛥𝐸′
𝛥 + 𝐸′

7) 1√
2𝛴(2𝐹𝛴 − 𝐹 ′

𝛴) + 1
2𝛥𝐹𝛥 + 1√

2𝐹7 − 1√
2𝛴(2𝐺 − 𝐺′) − 1

2𝛥 ̃𝑏′
4 − 1√

2𝐺7

𝛺𝑐 → 𝛯0𝛾 𝛴𝐸′
𝛴 + 𝛥𝐸′

𝛥 + 𝐸′
7

√
2𝛴𝐹 ′

𝛴 + 𝛥𝐹𝛥 +
√

2𝐹7
√

2𝛴𝐺′ + 𝛥 ̃𝑏′
4 +

√
2𝐺7

𝛯′+
𝑐 → 𝑝𝛾 𝑉 ∗

𝑐𝑑𝑉𝑢𝑠𝐸𝛴 −𝑉 ∗
𝑐𝑑𝑉𝑢𝑠𝐹𝛴 𝑉 ∗

𝑐𝑑𝑉𝑢𝑠𝐺
𝛯′0

𝑐 → 𝑛𝛾 𝑉 ∗
𝑐𝑑𝑉𝑢𝑠

1√
2𝐸′

𝛴 −𝑉 ∗
𝑐𝑑𝑉𝑢𝑠𝐹 ′

𝛴 𝑉 ∗
𝑐𝑑𝑉𝑢𝑠𝐺′

𝛺𝑐 → 𝛬𝛾 𝑉 ∗
𝑐𝑑𝑉𝑢𝑠 (

√
3

2
√

2𝐸′
𝛴 − 1

2
√

3𝐸′′
𝛴) −√1

3𝑉 ∗
𝑐𝑑𝑉𝑢𝑠(𝐹𝛴 + 𝐹 ′

𝛴) −√1
3𝑉 ∗

𝑐𝑑𝑉𝑢𝑠(𝐺 + 𝐺′)
𝛺𝑐 → 𝛴0𝛾 𝑉 ∗

𝑐𝑑𝑉𝑢𝑠 ( 1
2

√
2𝐸′

𝛴 + 1
2𝐸′′

𝛴) −𝑉 ∗
𝑐𝑑𝑉𝑢𝑠(𝐹𝛴 − 𝐹 ′

𝛴) −𝑉 ∗
𝑐𝑑𝑉𝑢𝑠(𝐺 − 𝐺′)

Table 6.2: Comparison of the U-spin, 𝑆𝑈(3)𝐹 and 𝑆𝑈(3)𝐹 IRA relations for the 𝐵𝑐6 → 𝐵8𝛾
decays. Analogously to Table 6.1, 𝐸(′,′′)

𝛴 , 𝐸(′)
𝛥 and 𝐸(′)

7 refer to the U-spin triplet, U-spin
singlet and the 𝑐 → 𝑢𝛾 contributions, respectively. Note that

√
2𝐸7 = 𝐸′

7 in the isospin
limit. Analogously, we used the notation 𝐹𝛴 =

√
2
5 𝐴′

6 − 2
3

√
5 𝐴′

15, 𝐹 ′
𝛴 =

√
2
5 𝐴′

6 + 2
3

√
5 𝐴′

15,
𝐹𝛥 =

√
2

3
√

5 𝐴′
15 and 𝐹7 =

√
1
3 (𝐹NP + 𝛥𝐴′

3) for the 𝑆𝑈(3)𝐹 relations. Similarly, 𝐺 =
−

√
2( ̃𝑏′

1 − ̃𝑏′
3 + ̃𝑏′

4), 𝐺′ = −
√

2( ̃𝑏′
1 − ̃𝑏′

3 − ̃𝑏′
4) and 𝐺7 = 1√

2 𝑏′
1 denote the weak annihilation

and 𝑐 → 𝑢𝛾 contributions in the 𝑆𝑈(3)𝐹 IRA. The 𝑆𝑈(3)𝐹 and U-spin decompositions
are identical up to global signs for 𝐸′′

𝛴 = 1√
2 𝐸′

𝛴 − 2𝐸𝛴 and 𝐸𝛥 = − 3√
2 𝐸′

𝛥.

are obtained for charmed anti-triplet baryons and

𝒜(𝛴+
𝑐 → 𝑝𝛾) − 𝒜(𝛯′+

𝑐 → 𝛴+𝛾) + 2 𝛴
𝑉 ∗

𝑐𝑠𝑉𝑢𝑑
𝒜(𝛴+

𝑐 → 𝛴+𝛾) = 0 ,
√

3
2

𝒜(𝛴0
𝑐 → 𝑛𝛾) − 𝒜(𝛯′0

𝑐 → 𝛬𝛾) +
√

2 𝛴
𝑉 ∗

𝑐𝑠𝑉𝑢𝑑
𝒜(𝛴0

𝑐 → 𝛬𝛾) = 0 ,

2𝒜(𝛴0
𝑐 → 𝑛𝛾) − 𝒜(𝛯′0

𝑐 → 𝛴0𝛾) − 2
√

2 𝛴
𝑉 ∗

𝑐𝑠𝑉𝑢𝑑
𝒜(𝛴0

𝑐 → 𝛴0𝛾) = 0 ,

𝒜(𝛴0
𝑐 → 𝑛𝛾) − 𝒜(𝛺𝑐 → 𝛯0𝛾) + 2

√
2 𝛴

𝑉 ∗
𝑐𝑠𝑉𝑢𝑑

𝒜(𝛯′0
𝑐 → 𝛯0𝛾) = 0 .

(6.26)

for the charmed sextet baryons. Note that by neglecting the CKM suppressed contributions
∼ 𝛥, simpler sum rules can be established. Those sum rules only relate two SCS decay
modes. However, such sum rules only apply within the SM.

Furthermore, the flavor symmetries connect the 𝑐 → 𝑢𝛾 components of the amplitudes,
leading to relations between the hadronic transition form factors. This allows to employ
the 𝛬𝑐 → 𝑝 form factors from lattice QCD for all 𝐵𝑐3 → 𝐵8𝛾 decay modes. Based on
U-spin/isospin, we obtain from Table 6.1

−
√

6ℎ𝛯0
𝑐→𝛬

⟂ =
√

2ℎ𝛯0
𝑐→𝛴0

⟂ = ℎ𝛯+
𝑐 →𝛴+

⟂ = ℎ𝛬𝑐→𝑝
⟂ . (6.27)
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6 Rare radiative decays of charm baryons

Currently, none of the 𝐵𝑐6 → 𝐵8𝛾 form factors are known. Moreover, they cannot be
related to the 𝐵𝑐3 → 𝐵8𝛾 form factors as the charm baryons belong to different multiplets.
However, at least relations for the sextet decays can be inferred from Table 6.2

ℎ𝛴+
𝑐 →𝑝

⟂ = ℎ𝛯′+
𝑐 →𝛴+

⟂ = 1√
2

ℎ𝛴0
𝑐→𝑛

⟂ = √2
3

ℎ𝛯′0
𝑐 →𝛬

⟂ =
√

2ℎ𝛯′0
𝑐 →𝛴0

⟂ = 1√
2

ℎ𝛺𝑐→𝛯0

⟂ . (6.28)

Note that form factors based on operators with the same U-spin preserving and isospin
changing �̄�𝑐 flavor structure, such as the form factors for semileptonic 𝑐 → 𝑢ℓℓ transitions,
see i.e. [65, 199], obey the same relations. We do not specify the sum rules and form factor
relations for 𝐵𝑐6 → 𝐵10𝛾 at this point. However, they can be determined analogously
from Table E.9.

The amplitudes of all SCS decay modes exhibit the same structure 𝑥𝛴𝛴𝑋𝛴 +𝑥𝛥𝛥𝑋𝛥 +
𝑥7𝑋7. Due to the strong CKM suppression, the terms ∼ 𝛥 are negligible. Thus, the ratio
|𝑥7/𝑥𝛴| is a measure for the NP sensitivity. Looking at the 𝑆𝑈(3)𝐹 relations in Table
6.1 and 6.2, it becomes evident that this ratio is unity. The only two exceptions are the
decays with final state 𝛬𝛾. For 𝛯0

𝑐 → 𝛬𝛾 and 𝛯′0
𝑐 → 𝛬𝛾 we obtain 1/3 and 3, respectively.

Thus, the sensitivity hierarchie is inverted between the charmed anti-triplet and charm
sextet, exhibiting a relative suppression and enhancement for 𝛯0

𝑐 → 𝛬𝛾 and 𝛯′0
𝑐 → 𝛬𝛾,

respectively. To conclude, the relative NP sensitivity hierarchy is given by

∣𝒜
NP(𝛬𝑐 → 𝑝𝛾)

𝒜SM(𝛬𝑐 → 𝑝𝛾)
∣ ≈ ∣𝒜

NP(𝛯+
𝑐 → 𝛴+𝛾)

𝒜SM(𝛯+
𝑐 → 𝛴+𝛾)

∣ ≈ ∣𝒜
NP(𝛯0

𝑐 → 𝛴0𝛾)
𝒜SM(𝛯0

𝑐 → 𝛴0𝛾)
∣ > ∣𝒜

NP(𝛯0
𝑐 → 𝛬𝛾)

𝒜SM(𝛯0
𝑐 → 𝛬𝛾)

∣ ,

∣𝒜
NP(𝛯′0

𝑐 → 𝛬𝛾)
𝒜SM(𝛯′0

𝑐 → 𝛬𝛾)
∣ > ∣𝒜

NP(𝛴+
𝑐 → 𝑝𝛾)

𝒜SM(𝛴+
𝑐 → 𝑝𝛾)

∣ ≈ remaining sextet decay modes .

(6.29)

6.3 Observables of the two-body decay
Rare radiative decays of charm baryons provide a variety of observables. In this section,
we review the various observables of the two body decay 𝐵𝑐 → 𝐵𝛾. In section 6.3.1, we
determine the angular distribution, define the polarization parameter and show how it
can be measured in two-body decays of polarized charm baryons. In section 6.3.2, we
use the flavor relations from 6.2 to determine SM relations between branching ratios of
SM-like CF decays and BSM sensitive SCS decays. Finally, we address CP asymmetries
in section 6.3.3.

6.3.1 Decay distribution and photon polarization
Since the decay of polarized charm baryons is considered in this section, it is not possible
to use the spin-averaged absolute square of the matrix element (6.1) for the calculation of
the angular distribution. Instead, each configuration of baryon spins and photon helicity
has to be considered explicitly. Therefore, we write the decay amplitude (6.1) in terms of
helicity amplitudes

𝒜(𝐵𝑐 → 𝐵𝛾) = 𝐺𝐹𝑒√
2

𝐻ℎ𝛾
1 (𝑠𝐵𝑐

, 𝑠𝐵) , (6.30)
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6.3 Observables of the two-body decay

where ℎ𝛾 denotes the helicity of the photon. Using the explicit spinor representations
from [200, 201], four non-zero helicity amplitudes are obtained

𝐻−1
1 (+1/2, −1/2) = −

√
2𝐹𝐿(𝑚2

𝐵𝑐
− 𝑚2

𝐵) sin (𝜃𝛾/2) ,

𝐻−1
1 (−1/2, −1/2) = +

√
2𝐹𝐿(𝑚2

𝐵𝑐
− 𝑚2

𝐵) cos (𝜃𝛾/2) ,

𝐻+1
1 (+1/2, +1/2) = +

√
2𝐹𝑅(𝑚2

𝐵𝑐
− 𝑚2

𝐵) cos (𝜃𝛾/2) ,

𝐻+1
1 (−1/2, +1/2) = +

√
2𝐹𝑅(𝑚2

𝐵𝑐
− 𝑚2

𝐵) sin (𝜃𝛾/2) .

(6.31)

Here, 𝐹𝐿 and 𝐹𝑅 refer to the contributions for left-handed and right-handed photons,
respectively. 𝑚𝐵𝑐

and 𝑚𝐵 denote the masses of the charm baryon and the octet baryon,
respectively. All values are listed in appendix A. The angle 𝜃𝛾 is between the polarization
axis of the spins in the 𝐵𝑐 rest frame and the momentum of the photon. The decay
probability is given by the sum of the absolute squares of the helicity amplitudes which
have to be weighted with a corresponding element of the polarization density matrix 𝜌
[202]

𝑤 = 𝐺2
𝐹𝑒2

2
∑

ℎ𝛾,𝑠𝐵𝑐,𝑠𝐵

𝜌𝑠𝐵𝑐,𝑠𝐵𝑐
∣𝐻ℎ𝛾

1 (𝑠𝐵𝑐
, 𝑠𝐵)∣

2
. (6.32)

The polarization density matrix 𝜌 accounts for the imbalance of the spin states for a
source of polarized 𝐵𝑐 baryons. The diagonal elements of 𝜌 are normalized as 𝜌+1/2,+1/2 +
𝜌−1/2,−1/2 = 1 and define the 𝐵𝑐 polarization 𝑃𝐵𝑐

= 𝜌+1/2,+1/2 − 𝜌−1/2,−1/2. Using the
decay probability in (6.32), the differential branching ratio is given by

d𝐵
d cos(𝜃𝛾)

= 𝐺2
𝐹𝑒2

64𝜋𝛤𝐵𝑐

𝑚3
𝐵𝑐

(1 − 𝑚2
𝐵

𝑚2
𝐵𝑐

)
3

(|𝐹𝐿|2 + |𝐹𝑅|2) [1 + 𝑃𝐵𝑐
𝜆𝛾 cos(𝜃𝛾)] , (6.33)

where 𝛤𝐵𝑐
is the total decay width of the charm baryon, see appendix A. 𝜆𝛾 is the photon

polarization parameter which is defined analogously to (5.2)

𝜆𝛾 = |𝐹𝑅|2 − |𝐹𝐿|2

|𝐹𝑅|2 + |𝐹𝐿|2
= −1 − 𝑟2

1 + 𝑟2 , 𝑟 = ∣𝐹𝑅
𝐹𝐿

∣ . (6.34)

Note that we used a different sign convention for the photon polarization parameter than
[183–185]. We chose the convention in (6.34) to be consistent with chapter 5. Furthermore,
a polarization parameter of 𝜆𝛾 = −1 corresponds to a purely left-handed photon with
helicity ℎ𝛾 = −1 in this convention. The angular distribution (6.33) proves that the
photon polarization is only accessible if the 𝐵𝑐 is polarized. For 𝑃𝐵𝑐

= 0 the dependence
on 𝜆𝛾 drops out. The total branching ratio is obtained by integrating over the angle 𝜃𝛾,
whereby the dependence on 𝜆𝛾 drops out

𝐵(𝐵𝑐 → 𝐵𝛾) = ∫
+1

−1

d𝐵
d cos(𝜃𝛾)

d cos(𝜃𝛾) = 𝐺2
𝐹𝑒2

32𝜋𝛤𝐵𝑐

𝑚3
𝐵𝑐

(1 − 𝑚2
𝐵

𝑚2
𝐵𝑐

)
3

(|𝐹𝐿|2 + |𝐹𝑅|2) .

(6.35)
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Thus, branching ratios are not sensitive to the photon polarization. However, the angular
dependence of (6.33) allows to define a forward-backward asymmetry in 𝜃𝛾

𝐴𝛾
FB = 1

𝐵
(∫

1

0
d cos(𝜃𝛾) d𝐵

d cos(𝜃𝛾)
− ∫

0

−1
d cos(𝜃𝛾) d𝐵

d cos(𝜃𝛾)
) =

𝑃𝐵𝑐
𝜆𝛾

2
, (6.36)

which only depends on 𝑃𝐵𝑐
and 𝜆𝛾. One way to measure 𝐴𝛾

FB is via the average longitudinal
momentum ⟨𝑘∥⟩

𝛽
of the photon in the lab frame with respect to the 𝐵𝑐 boost axis [203]

⟨𝑘∥⟩
𝛽

= 𝛾𝐸𝛾(𝛽 + 2
3

𝐴𝛾
FB) , (6.37)

where 𝐸𝛾 = (𝑚2
𝐵𝑐

− 𝑚2
𝐵)/(2𝑚𝐵𝑐

) is the photon energy in the 𝐵𝑐 rest frame and 𝛽 =
| ⃗𝑃 |/𝐸𝐵𝑐

.

6.3.2 Flavor relations for standard model branching ratios
The flavor relations from section 6.2 can be used to determine relations between branching
ratios. Neglecting the strongly CKM suppressed contributions ∝ 𝛥, the SM amplitude
of SCS decays only depends on the contributions 𝑋𝛴, just like the CF and DCS modes.
Thus, SM predictions for the branching ratios of SCS decays can be made based on the CF
modes. Furthermore, hierarchies can be identified. Based on Table 6.1 and the differences
in life times, phase space factors and CKM elements, the branching ratios of the SCS
decays of charmed anti-triplet baryons can be written as

𝐵(𝛬𝑐 → 𝑝𝛾) ≈ 𝜆2
(𝑚2

𝛬𝑐
− 𝑚2

𝑝)3

(𝑚2
𝛬𝑐

− 𝑚2
𝛴+)3 𝐵(𝛬𝑐 → 𝛴+𝛾) ≈ 0.072 ⋅ 𝐵(𝛬𝑐 → 𝛴+𝛾) ,

𝐵(𝛯+
𝑐 → 𝛴+𝛾) ≈ 𝜆2

𝑚3
𝛬𝑐

𝛤𝛬𝑐

𝑚3
𝛯+

𝑐
𝛤𝛯+

𝑐

(𝑚2
𝛯+

𝑐
− 𝑚2

𝛴+)3

(𝑚2
𝛬𝑐

− 𝑚2
𝛴+)3 𝐵(𝛬𝑐 → 𝛴+𝛾) ≈ 0.160 ⋅ 𝐵(𝛬𝑐 → 𝛴+𝛾) ,

𝐵(𝛯0
𝑐 → 𝛬𝛾) ≈ 3𝜆2

2
(𝑚2

𝛯0
𝑐

− 𝑚2
𝛬)3

(𝑚2
𝛯0

𝑐
− 𝑚2

𝛯0)3 𝐵(𝛯0
𝑐 → 𝛯0𝛾) ≈ 0.104 ⋅ 𝐵(𝛯0

𝑐 → 𝛯0𝛾) , (6.38)

𝐵(𝛯0
𝑐 → 𝛴0𝛾) ≈ 𝜆2

2
(𝑚2

𝛯0
𝑐

− 𝑚2
𝛴0)3

(𝑚2
𝛯0

𝑐
− 𝑚2

𝛯0)3 𝐵(𝛯0
𝑐 → 𝛯0𝛾) ≈ 0.030 ⋅ 𝐵(𝛯0

𝑐 → 𝛯0𝛾) .

Flavor relations cannot be used to relate 𝛬𝑐 → 𝛴+𝛾 and 𝛯0
𝑐 → 𝛯0𝛾. However, in the

𝑆𝑈(3)𝐹 limit, the amplitudes of the CF decays only differ by the sign of 𝐴15. As 𝐴15 is
suppressed by a smaller Wilson coefficient compared to 𝐴6, we assume 𝐵𝛴 ≈ 𝐵′

𝛴. Thus,
we expect only small differences in the branching ratios as

𝐵(𝛬𝑐 → 𝛴+𝛾)
𝐵(𝛯0

𝑐 → 𝛯0𝛾)
≈

𝑚3
𝛯0

𝑐
𝛤𝛯0

𝑐

𝑚3
𝛬𝑐

𝛤𝛬𝑐

(𝑚2
𝛬𝑐

− 𝑚2
𝛴+)3

(𝑚2
𝛯0

𝑐
− 𝑚2

𝛯0)3 ≈ 1.1 . (6.39)

Based on the prefactors in (6.38) and the ratio (6.39), the largest branching ratios are
expected for 𝛯+

𝑐 → 𝛴+𝛾. Subsequently, 𝛯0
𝑐 → 𝛬𝛾 and 𝛬𝑐 → 𝑝𝛾 have the second and third
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largest branching ratios, respectively. The suppression compared to the CF decays is
about one order of magnitude. The smallest branching ratio is obtained for 𝛯0

𝑐 → 𝛴0𝛾
with a suppression factor of ∼ 3%.

Analogously, relations for the decays 𝐵𝑐6 → 𝐵8𝛾 are obtained using Table 6.2

𝐵(𝛴+
𝑐 → 𝑝𝛾) ≈ 𝜆2

(𝑚2
𝛴+

𝑐
− 𝑚2

𝑝)3

(𝑚2
𝛴+

𝑐
− 𝑚2

𝛴+)3 𝐵(𝛴+
𝑐 → 𝛴+𝛾) ≈ 0.070 ⋅ 𝐵(𝛴+

𝑐 → 𝛴+𝛾) ,

𝐵(𝛯′+
𝑐 → 𝛴+𝛾) ≈ 𝜆2

𝑚3
𝛴+

𝑐
𝛤𝛴+

𝑐

𝑚3
𝛯′+

𝑐
𝛤𝛯′+

𝑐

(𝑚2
𝛯′+

𝑐
− 𝑚2

𝛴+)3

(𝑚2
𝛴+

𝑐
− 𝑚2

𝛴+)3 𝐵(𝛴+
𝑐 → 𝛴+𝛾) ,

𝐵(𝛴0
𝑐 → 𝑛𝛾) ≈ 2𝜆2

𝑚3
𝛯′0

𝑐
𝛤𝛯′0

𝑐

𝑚3
𝛴0

𝑐
𝛤𝛴0

𝑐

(𝑚2
𝛴0

𝑐
− 𝑚2

𝑛)3

(𝑚2
𝛯′0

𝑐
− 𝑚2

𝛯0)3 𝐵(𝛯′0
𝑐 → 𝛯0𝛾) ,

𝐵(𝛺𝑐 → 𝛯0𝛾) ≈ 2𝜆2
𝑚3

𝛯′0
𝑐

𝛤𝛯′0
𝑐

𝑚3
𝛺𝑐

𝛤𝛺𝑐

(𝑚2
𝛺𝑐

− 𝑚2
𝛯0)3

(𝑚2
𝛯′0

𝑐
− 𝑚2

𝛯0)3 𝐵(𝛯′0
𝑐 → 𝛯0𝛾) .

(6.40)

Note that no relations for 𝛯′0
𝑐 → 𝛬𝛾 and 𝛯′0

𝑐 → 𝛴0𝛾 are given, since two SM-like decays
are necessary to construct their amplitudes. Furthermore, the decay widths of the 𝛯′

𝑐
are unknown up to now. Thus, we cannot evaluate the prefactors for the last three
relations. However, the branching ratios 𝛯′

𝑐, 𝛴𝑐 → 𝐵𝛾 are strongly suppressed by large
total widths as 𝛯′

𝑐 and 𝛴𝑐 decay strongly and electromagnetically, respectively. Thus,
decays of charmed anti-triplet baryons have significantly larger branching ratios. For
example, 𝛴+

𝑐 → 𝛴+𝛾 has a relative suppression of 𝛤𝛬𝑐
/𝛤𝛴+

𝑐
> 7 ⋅ 10−10 compared to

𝛬𝑐 → 𝛴+𝛾 due to a significant difference in the decay widths. The only exception among
the charmed sextet baryons is the 𝛺𝑐 which exclusively decays weakly. Thus, the 𝛺𝑐 → 𝐵𝛾
decay should have significantly larger branching ratios ∼ 𝐵(𝐵𝑐3 → 𝐵8𝛾). For the decays
of charmed sextet baryons into decuplet baryons, we obtain by using Table E.9

𝐵(𝛴++
𝑐 → 𝛥++𝛾) ≈ 3

2
𝜆10

𝑚3
𝛴+

𝑐
𝛤𝛴+

𝑐

𝑚3
𝛴++

𝑐
𝛤𝛴++

𝑐

(𝑚2
𝛴++

𝑐
− 𝑚2

𝛥++)3

(𝑚2
𝛴+

𝑐
− 𝑚2

𝛴∗+)3 𝐵(𝛴+
𝑐 → 𝛴∗+𝛾)

≲ 1.7 ⋅ 10−6 ⋅ 𝐵(𝛴+
𝑐 → 𝛴∗+𝛾) ,

𝐵(𝛴+
𝑐 → 𝛥+𝛾) ≈ 𝜆2

(𝑚2
𝛴+

𝑐
− 𝑚2

𝛥+)3

(𝑚2
𝛴+

𝑐
− 𝑚2

𝛴∗+)3 𝐵(𝛴+
𝑐 → 𝛴∗+𝛾) ≈ 0.067 ⋅ 𝐵(𝛴+

𝑐 → 𝛴∗+𝛾) ,

𝐵(𝛴0
𝑐 → 𝛥0𝛾) ≈ 2𝜆2

(𝑚2
𝛴0

𝑐
− 𝑚2

𝛥0)3

(𝑚2
𝛴0

𝑐
− 𝑚2

𝛴∗0)3 𝐵(𝛴0
𝑐 → 𝛴∗0𝛾) ≈ 0.133 ⋅ 𝐵(𝛴0

𝑐 → 𝛴∗0𝛾) ,

𝐵(𝛯′+
𝑐 → 𝛴∗+𝛾) ≈ 𝜆2

𝑚3
𝛴+

𝑐
𝛤𝛴+

𝑐

𝑚3
𝛯′+

𝑐
𝛤𝛯′+

𝑐

(𝑚2
𝛯′+

𝑐
− 𝑚2

𝛴∗+)3

(𝑚2
𝛴+

𝑐
− 𝑚2

𝛴∗+)3 𝐵(𝛴+
𝑐 → 𝛴∗+𝛾) ,

𝐵(𝛯′0
𝑐 → 𝛴∗0𝛾) ≈ 1

2
𝜆10

(𝑚2
𝛯′0

𝑐
− 𝑚2

𝛴∗0)3

(𝑚2
𝛯′0

𝑐
− 𝑚2

𝛯∗0)3 𝐵(𝛯′0
𝑐 → 𝛯∗0𝛾) ≈ 2.2 ⋅ 10−7𝐵(𝛯′0

𝑐 → 𝛯∗0𝛾) ,

𝐵(𝛺𝑐 → 𝛯∗0𝛾) ≈ 2𝜆2
𝑚3

𝛴0
𝑐
𝛤𝛴0

𝑐

𝑚3
𝛺𝑐

𝛤𝛺𝑐

(𝑚2
𝛺𝑐

− 𝑚2
𝛯∗0)3

(𝑚2
𝛴0

𝑐
− 𝑚2

𝛴∗0)3 𝐵(𝛴0
𝑐 → 𝛴∗0𝛾) ≈ 9.7 ⋅ 107𝐵(𝛴0

𝑐 → 𝛴∗0𝛾) ,

(6.41)
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where the first relation is only valid in 𝑆𝑈(3)𝐹. Note that the SM branching ratios of
𝛴++

𝑐 → 𝛥++𝛾 and 𝛯′0
𝑐 → 𝛴∗0𝛾 are strongly CKM suppressed as they do not receive a

𝑋𝛴 contribution. Thus, they are sensitive to NP in the dipole operators. However, the
𝛯′

𝑐 and 𝛴𝑐 decay modes are probably unusable due to the large total decay widths.

6.3.3 CP asymmetries
For a two-body decay, the CP asymmetry is defined by

𝐴CP = |𝐴|2 − | ̄𝐴|2

|𝐴|2 + | ̄𝐴|2
, (6.42)

where ̄𝐴 is the amplitude of the CP-conjugated decay. In the SM, the only origin of a CP
violating phase is the CKM matrix. Due to its structure, the CP violation is negligible in
charm decays. By neglecting terms 𝒪(𝛥2/𝛴2), the SM CP asymmetry can be written as

𝐴SM
CP ≈ Im(−2𝛥

𝛴
) Im(𝐴𝛥

𝐴𝛴
) ≈ −6 × 10−4 Im(𝐴𝛥

𝐴𝛴
) . (6.43)

Thus, CP asymmetries of order 𝒪(10−4 − 10−3) are expected at most in the SM. However,
beyond the SM, CP asymmetries can be significantly larger due to new sources of CP
violating phases. Taking into account the constraints from 𝛥𝐴CP (3.19) and neglecting
the contributions 𝑋𝛥, the factor including the weak phases becomes

∣Im(
−2𝐶(′)

7
𝛴

)∣ ≲ 2 ⋅ 10−2 . (6.44)

This is equivalent to an increase of the CP-violation by a factor of ∼ 30. Note that the
CP violation can be enhanced even more by bypassing the constraints from 𝛥𝐴CP. Thus,
percent level CP asymmetries are possible beyond the SM.

Furthermore, the flavor relations can be used to derive sum rules for the CP asymmetries.
Based on Table 6.1, 6.2 and E.9, we obtain the following sum rules for the 𝐵𝑐3 → 𝐵8𝛾
decays

𝐴CP(𝛬𝑐 → 𝑝𝛾) + 𝐴CP(𝛯+
𝑐 → 𝛴+𝛾) = 0 ,

𝐴CP(𝛯0
𝑐 → 𝛴0𝛾) + 3𝐴CP(𝛯0

𝑐 → 𝛬𝛾) = 0 ,
(6.45)

the 𝐵𝑐6 → 𝐵8𝛾 decays

𝐴CP(𝛴+
𝑐 → 𝑝𝛾) + 𝐴CP(𝛯′+

𝑐 → 𝛴∗+𝛾) = 0 ,
𝐴CP(𝛴0

𝑐 → 𝑛𝛾) + 𝐴CP(𝛺𝑐 → 𝛯0𝛾) = 0 ,
𝐴CP(𝛯′0

𝑐 → 𝛬𝛾) + 3𝐴CP(𝛯′0
𝑐 → 𝛴0𝛾) = 0 ,

(6.46)

and the 𝐵𝑐6 → 𝐵10𝛾 decays

𝐴CP(𝛴+
𝑐 → 𝛥+𝛾) + 𝐴CP(𝛯′+

𝑐 → 𝛴+𝛾) = 0 ,
𝐴CP(𝛴0

𝑐 → 𝛥0𝛾) + 𝐴CP(𝛺𝑐 → 𝛯∗0𝛾) = 0 .
(6.47)
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The sum rules are valid in both 𝑆𝑈(2)𝑈 and 𝑆𝑈(3)𝐹. Furthermore, the sum rules are
valid within the SM and beyond, since the electromagnetic dipole operators are (0, 0)𝑈
operators. Thus, the 𝑋7 obey the same flavor relations as the 𝑋𝛥. Therefore, the sum
rules cannot be used to test the SM, but to test the precision of the flavor symmetries.
Note that the sum rules reflect the inverted NP sensitivity hierarchy between 𝐵𝑐3 → 𝐵8𝛾
and 𝐵𝑐6 → 𝐵8𝛾 decays, see (6.29).

6.4 Photon polarization in the decay chain 𝐵𝑐 → 𝐵(→ 𝐵′𝑃)𝛾𝐵𝑐 → 𝐵(→ 𝐵′𝑃)𝛾𝐵𝑐 → 𝐵(→ 𝐵′𝑃)𝛾
Section 6.3.1 has pointed out that the polarization of the photon can be extracted from the
two-body decay 𝐵𝑐 → 𝐵𝛾 only if the initial state baryon is polarized. For unpolarized 𝐵𝑐,
there is another method for extracting 𝜆𝛾, which uses the decay chain 𝐵𝑐 → 𝐵(→ 𝐵′𝑃)𝛾.
Here, 𝐵 has to be a weakly decaying hyperon and 𝑃 denotes a pseudoscalar meson. The
𝐵 → 𝐵′𝑃 decay amplitude is given by [200]

𝒜(𝐵 → 𝐵′𝑃) = 𝑁�̄�(𝑞, 𝑠𝐵) (𝜉𝛾5 + 𝜔) 𝑢(𝑞1, 𝑠𝐵′) = 𝑁𝐻2(𝑠𝐵, 𝑠𝐵′) , (6.48)

where 𝑞 and 𝑞1 denote the momenta of 𝐵 and 𝐵′, respectively. Analogously, 𝑠𝐵 and
𝑠𝐵′ refer to the spin of the initial and final state baryon. 𝜉 and 𝜔 denote contributions
of opposite parity. For weak hyperon decays the normalization is given by 4𝐺𝐹√

2 𝑉 ∗
𝑢𝑑𝑉𝑢𝑠.

Analogously to (6.30), the decay amplitude can be written in terms of helicity amplitudes
[200]

𝐻2(+1/2, +1/2) = (√𝑟+𝜔 − √𝑟−𝜉) cos(𝜃𝐵/2) ,
𝐻2(+1/2, −1/2) = (√𝑟+𝜔 + √𝑟−𝜉) sin(𝜃𝐵/2)𝑒𝑖𝜙𝐵 ,
𝐻2(−1/2, +1/2) = (−√𝑟+𝜔 + √𝑟−𝜉) sin(𝜃𝐵/2)𝑒−𝑖𝜙𝐵 ,
𝐻2(−1/2, −1/2) = (√𝑟+𝜔 + √𝑟−𝜉) cos(𝜃𝐵/2) ,

(6.49)

where 𝜃𝐵 denotes the angle between the 𝐵 and 𝐵′ momenta in the 𝐵′𝑃 rest frame. 𝜙𝐵 is
the corresponding azimuth angle. The differential branching ratio is calculated using a
decay probability similarly to (6.32)

d𝐵
d cos(𝜃𝐵)

=
|𝑁|2√𝑟+𝑟−

32𝜋𝑚3
𝐵𝛤𝐵

(𝑟+|𝜔|2 + 𝑟−|𝜉|2) (1 + 𝑃𝐵𝛼𝐵 cos(𝜃𝐵)) . (6.50)

Here, 𝑟± are kinematical functions depending on the masses 𝑟± = (𝑚𝐵 ± 𝑚𝐵′)2 − 𝑚2
𝑃.

𝑃𝐵 is the polarization of the initial state baryon 𝐵. Furthermore, the parity violating
parameter is given by

𝛼𝐵 = −2𝑅𝑒(𝜔∗𝜉)

√𝑟−
𝑟+

|𝜉|2 + √𝑟+
𝑟−

|𝜔|2
. (6.51)

The double differential branching ratio of the decay chain 𝐵𝑐 → 𝐵(→ 𝐵′𝑃)𝛾 is given by

d2𝐵
d cos(𝜃𝛾)d cos(𝜃𝐵)

∝ [1 + 𝑃𝐵𝑐
𝛼𝐵 cos(𝜃𝛾) cos(𝜃𝐵) + 𝛼𝐵𝜆𝛾 cos(𝜃𝐵) + 𝑃𝐵𝑐

𝜆𝛾 cos(𝜃𝛾)] ,

(6.52)
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Decay 𝐵 𝛼𝐵
𝛬(1116) → 𝑝𝜋− (63.9 ± 0.5)% 0.732 ± 0.014

𝛴+(1189) → 𝑝𝜋0 (51.57 ± 0.30)% −0.982 ± 0.014
𝛯0(1315) → 𝛬𝜋0 (99.52 ± 0.012)% −0.356 ± 0.011

Table 6.3: Branching ratio 𝐵 and parity violating parameter 𝛼𝐵 of weakly decaying
hyperons [103]. The 𝛯−(1322), which is dominantly decaying into 𝛬𝜋− with a sizable
parity violating parameter, is not produced in rare charm baryon decays.

where the normalization can be inferred from 𝐵(𝐵𝑐 → 𝐵(→ 𝐵′𝑃)𝛾) = 𝐵(𝐵𝑐 →
𝐵𝛾)𝐵(𝐵 → 𝐵′𝑃). The angular distribution (6.52) provides two different ways to de-
termine the photon polarization. On the one hand, by integrating over 𝜃𝐵 we get the
same angular distribution as in (6.33). Thus, as in the case of two-body decays, we can
determine 𝜆𝛾 by means of 𝐴𝛾

FB if the charm baryon is polarized. On the other hand,
the same angular dependence as in (6.50) emerges when integrating over 𝜃𝛾. However,
since the non-zero helicity amplitudes (6.31) of right- and left-handed photons are always
accompanied by a baryon spin of 𝑠𝐵 = +1/2 and 𝑠𝐵 = −1/2, respectively, 𝑃𝐵 and
𝜆𝛾 coincide. Therefore, the obtained angular distribution depends on 𝜆𝛾, while being
independent of the polarization of the charm baryon. Thus, 𝜆𝛾 can be extracted by a
forward-backward asymmetry in 𝜃𝐵

𝐴𝐵
FB = 1

𝐵
(∫

1

0
d cos(𝜃𝐵) d𝐵

d cos(𝜃𝐵)
− ∫

0

−1
d cos(𝜃𝐵) d𝐵

d cos(𝜃𝐵)
) =

𝛼𝐵𝜆𝛾

2
. (6.53)

Note that the secondary baryon 𝐵 has to decay weakly for 𝛼𝐵 ≠ 0. Thus, the spin 3/2
baryons of the decuplet can only be used to study branching ratios, CP violation and
𝐴𝛾

FB. In Table 6.3 we provide branching ratios and parity violating parameters for all
weakly decaying hyperons which are relevant for rare radiative charm decays.

6.5 Estimates of the BSM reach
After defining the observables and explaining different ways to determine them in section 6.3
and 6.4, this section estimates the scope of new physics. Since none of the 𝐵𝑐6 → 𝐵8 tensor
form factors is known, we omit estimates for the 𝐵𝑐6 → 𝐵8𝛾 decays and restrict the analysis
to 𝐵𝑐3 → 𝐵8𝛾. However, the procedure would be the same. Once the branching ratios
𝐵CF and polarization parameters 𝜆CF

𝛾 of the CF decays are experimentally determined, we
can extract the left and right handed amplitudes 𝐹 CF

𝐿/𝑅. First, the polarization parameter
is used to calculate the ratio of the right- and left-handed amplitude

𝑟CF = √
1 + 𝜆CF

𝛾

1 − 𝜆CF
𝛾

. (6.54)

Subsequently, 𝐹 CF
𝐿/𝑅 can be determined using 𝑟CF and the branching ratio 𝐵CF

|𝐹 CF
𝐿 | = √ 𝐵CF

𝐶CF(1 + (𝑟CF)2)
, |𝐹 CF

𝑅 | = 𝑟CF√ 𝐵CF

𝐶CF(1 + (𝑟CF)2)
. (6.55)
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Here, 𝐶CF is the proportionality factor defined by

𝐵CF = 𝐶CF(|𝐹 CF
𝐿 |2 + |𝐹 CF

𝑅 |2) , (6.56)

which includes couplings, masses and total widths. The factor 𝐶CF can be inferred
from (6.35). After the determination of 𝐹 CF

𝐿/𝑅, the SM amplitudes of the SCS decays are
obtained by applying the flavor symmetry relations from Table 6.1 and 6.2. For example,
by dividing the 𝛯0

𝑐 → 𝛯0𝛾 amplitude by 𝑉 ∗
𝑐𝑠𝑉𝑢𝑑 and then multiplying by −

√
3
2 𝛴, the

𝛯0
𝑐 → 𝛬𝛾 amplitudes 𝐹 SCS

𝐿/𝑅 are obtained. Note that the DCS decay channels can also
be used to calculate the SM amplitudes. (6.55) shows that we can only determine the
modulus of the left- and right-handed amplitudes. Thus, the phase is uncertain. However,
the SM weak phase is negligible and since we vary the dipole coefficients between -0.3 and
0.3 when estimating the BSM reach, the unknown sign does not affect our results.

Since neither branching ratios nor photon polarizations have been measured so far
and predictions of different theory methods greatly differ, see Table 25 of [186], we base
our benchmark 𝐵CF = 5 ⋅ 10−41 on the measured branching ratio 𝐵(𝐷0 → 𝐾∗0𝛾) =
(4.1 ± 0.7) ⋅ 10−4 [103]. Compared to the resonant decays 𝐷 → 𝑉 𝛾, the leading order WA
contribution for 𝐵𝑐 → 𝐵𝛾 is enhanced by a factor of 𝐶−/ ̃𝐶. However, the hadronic matrix
elements may be subject to a suppression as indicated by the theory predictions [183–185].
Furthermore, we use 𝜆CF

𝛾 = −0.5 as an assumption.
The branching ratios of the SCS decays is affected by NP contributions and can be

written as
𝐵SCS = 𝐶SCS(|𝐹 SCS

𝐿 + 𝐹 NP
𝐿 |2 + |𝐹 SCS

𝑅 + 𝐹 NP
𝑅 |2) . (6.57)

The ratio of right- and left-handed amplitudes is altered by NP effects as well

𝑟SCS = ∣
𝐹 SCS

𝑅 + 𝐹 NP
𝑅

𝐹 SCS
𝐿 + 𝐹 NP

𝐿
∣ , (6.58)

which gives the polarization parameter

𝜆SCS
𝛾 = −1 − (𝑟SCS)2

1 + (𝑟SCS)2 . (6.59)

The SM is tested by comparing 𝐵CF and 𝐵SCS or 𝜆CF
𝛾 and 𝜆SCS

𝛾 . In the exact U-spin limit,
the polarization parameters are identical. The relations for the SM branching ratios were
discussed in section 6.3.2.

In Fig. 6.2 the NP potential in branching ratios of the BSM sensitive SCS decays is
shown as a function of the branching ratio of the CF partner decay. The SM prediction
in the exact U-spin limit is illustrated by the black dashed line. The impact of ±30%
U-spin breaking effects on both 𝐹 SCS

𝐿 and 𝐹 SCS
𝑅 are included in the gray shaded area. The

BSM reach in 𝐶7 (𝐶′
7 = 0) and 𝐶′

7 (𝐶7 = 0) is shown in blue and green. Besides the
variation in the dipole coefficients, these regions also include the 30% U-spin breaking of
the SM amplitudes. The plots show a greater impact of 𝐶7 than 𝐶′

7 as we used a fixed
polarization parameter of the CF decay of 𝜆CF

𝛾 = −0.5.
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Figure 6.2: NP potential in the branching ratios of the BSM sensitive decay modes as a
function of the branching ratios of the CF partner decay. The polarization parameter is
fixed to 𝜆CF

𝛾 = −0.5. The black dashed line refers to the SM in the exact U-spin limit.
±30% U-spin breaking effects on 𝒜SM

𝐿/𝑅 are illustrated by the gray shaded area. The blue
(green) region shows the BSM reach in 𝐶7 (𝐶′

7). We set 𝐶′
7 = 0 (𝐶7 = 0) and varied the

other coefficient within −0.3 ≤ 𝐶(′)
7 ≤ 0.3. The BSM regions also take the ±30% U-spin

breaking of the SM amplitudes into account.

Analogously, the BSM reach of the polarization parameter 𝜆SCS
𝛾 is shown in Fig. 6.3 as

a function of the polarization parameter of the partner decay. Again, the black dashed
line shows the SM prediction in the exact U-spin limit. As the U-spin breaking effects
should reduce in the ratio of right- and left-handed amplitudes, the impact of ±20%
U-spin braking between 𝑟CF

SM and 𝑟SCS
SM [1] is shown by the gray shaded area. The NP

potential in 𝐶7 (𝐶′
7 = 0) and 𝐶′

7 (𝐶7 = 0) is shown in blue and green. For the darker
shaded area, we used the exact U-spin limit for the SM amplitudes. The lighter shaded
area includes ±30% U-spin breaking in 𝐹 SM

𝐿/𝑅, while keeping the U-spin breaking of the
ratio 𝑟SCS

SM limited to ±20%.
It turns out that both branching ratios and photon polarization can be altered by

physics beyond the SM beyond the level of 𝑆𝑈(3)𝐹 breaking effects. In particular, 𝜆𝛾
shows good sensitivity to NP. With the current limits on the dipole coefficients, most of

1After the submission of the thesis, the first upper limts of 𝐵(𝛬𝑐 → 𝛴+𝛾) < 2.6 ⋅ 10−4 and 𝐵(𝛯0
𝑐 →

𝛯0𝛾) < 1.7 ⋅ 10−4 were published by Belle II [204].
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Figure 6.3: NP potential of 𝜆𝛾 of the BSM sensitive decay modes 𝛯+
𝑐 → 𝛴+𝛾 (left)

and 𝛯0
𝑐 → 𝛬𝛾 (right) as a function of the photon polarization of the CP partner decay

𝛬𝑐 → 𝛴+𝛾 and 𝛯0
𝑐 → 𝛯0𝛾, respectively. The branching ratios of the partner modes are

fixed to 𝐵CF = 5 ⋅ 10−4. The black dashed line refers to the SM in the exact U-spin limit.
±20% U-spin breaking between 𝑟CF

SM and 𝑟SCS
SM are illustrated by the gray shaded area. The

blue (green) region illustrates the BSM reach in 𝐶7 (𝐶′
7). We set 𝐶′

7 = 0 (𝐶7 = 0) and
varied the other coefficient within −0.3 ≤ 𝐶(′)

7 ≤ 0.3. For the darker shaded area we used
the exakt U-spin limit of the SM amplitudes. The lighter shaded area includes ±30%
U-spin breaking in 𝐹 SM

𝐿/𝑅, while keeping the U-spin breaking of the ratio 𝑟SCS
SM limited to

±20%. The BSM reach of 𝛬𝑐 → 𝑝𝛾 and 𝛯0
𝑐 → 𝛴0𝛾 is not shown as it coincides with

𝛯+
𝑐 → 𝛴+𝛾.

the phase space is still possible with the chosen benchmark. In general, the sensitivity to
new physics decreases with increasing branching ratios 𝐵CF. Furthermore, the sensitivity
in the individual dipole coefficients depends on the SM polarization. Both observables
reflect the sensitivity hierarchy (6.29).

6.6 Summary

Rare radiative decays of charm baryons offer a variety of observables including branching
ratios, CP asymmetries and photon polarizations. A precise theoretical prediction within
the SM is currently not possible, since theory methods lack sufficient control. Thus, flavor
symmetries are crucial as they allow to extract the SM amplitudes from CF and DCS
decays. Although subject to significant systematic uncertainties of ∼ 30%, 𝑆𝑈(2)𝑈 and
𝑆𝑈(3)𝐹 relations are a key ingredient, as current limits on NP allow for much larger
effects.

Currently none of the weak radiative charm baryon decay modes have been observed.
Thus, an analysis of BSM sensitive decays regarding new physics is not possible yet.
Instead, the sensitivity to new physics can be estimated as functions of SM-like decays.

NP effects can alter the branching ratios beyond the level of 𝑆𝑈(3)𝐹 breaking effects,
see Fig. 6.2. The sensitivity to physics beyond the SM strongly depends on the branching
ratio of the partner decays. The BSM reach is suppressed for increasing 𝐵CF.
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6 Rare radiative decays of charm baryons

BSM sensitive (SCS) decay CF decay
𝛯+

𝑐 → 𝛴+𝛾 𝛬𝑐 → 𝛴+𝛾
𝛯0

𝑐 → 𝛬𝛾 𝛯0
𝑐 → 𝛯0𝛾

𝛺𝑐 → 𝛯0𝛾 𝛯′0
𝑐 → 𝛯0𝛾

𝛯′+
𝑐 → 𝛴+𝛾 𝛴+

𝑐 → 𝛴+𝛾
𝛯′0

𝑐 → 𝛬𝛾 𝛴0
𝑐 → 𝛬𝛾, 𝛯′0

𝑐 → 𝛯0𝛾
Table 6.4: Partner modes which can be analyzed using the decay chains 𝐵𝑐 → 𝐵(→ 𝐵′𝑃)𝛾
and the U-spin relations in Table 6.1 and 6.2. Only self-analyzing secondary baryons
(𝛬, 𝛴+, 𝛯0) are included.

BSM sensitive (SCS) decay CF decay DCS decays
𝛬𝑐 → 𝑝𝛾 𝛬𝑐 → 𝛴+𝛾 𝛯+

𝑐 → 𝑝𝛾
𝛯0

𝑐 → 𝛴0𝛾 𝛯0
𝑐 → 𝛯0𝛾 𝛯0

𝑐 → 𝑛𝛾
𝛺𝑐 → 𝛯0𝛾 - 𝛺𝑐 → 𝛬𝛾, 𝛺𝑐 → 𝛴0𝛾

Table 6.5: Additional partner modes including non self-analyzing secondary baryons. Thus,
the decay chain 𝐵𝑐 → 𝐵(→ 𝐵′𝑃)𝛾 cannot be used for all decay modes to determine the
photon polarization. Decays of 𝛴𝑐 and 𝛯′

𝑐 are excluded as they are probably unusable
due to their large total decay widths.

CP asymmetries serve as null test as 𝐴SM
CP is subject to strong parametric suppression.

Within the SM, CP asymmetries of order 𝒪(10−4 − 10−3) are expected at most. The flavor
symmetries yield sum rules for 𝐴CP which are valid in both, the SM and beyond. Thus,
they cannot be used to test the SM. However, they can be used to validate the flavor
relations.

We stress the possibility to test the SM by measuring the photon polarization of partner
decays using the decay chain 𝐵𝑐 → 𝐵(→ 𝐵′𝑃)𝛾, which is possible for both polarized
and unpolarized charm baryons if the secondary baryon 𝐵 is a weakly decaying hyperon.
Fig. 6.3 shows the SM prediction including U-spin breaking effects as well as the BSM
reach. A list of partner decays which allow to measure the photon polarizations using the
decay chains with self-analyzing secondary baryons is provided in Table 6.4. Two partner
decays are needed to extract the SM amplitude 𝐸′′

𝛴 for the SCS decay 𝛯′0
𝑐 → 𝛬𝛾. Note

that partner decays including 𝛯′
𝑐 and 𝛴𝑐 are probably unusable due to the suppression of

the branching ratios based on the large decay widths. Thus, the decays of charmed sextet
baryons are unfavorable. Furthermore, the SCS decay 𝛯+

𝑐 → 𝛴+𝛾 and the corresponding
CF partner decay 𝛬𝑐 → 𝛴+𝛾 are preferable due to the NP sensitivity hierarchy.

In case of polarized charm baryons, the photon polarization can also be determined
for decays into non self-analyzing baryons. A list of partner decays excluding the 𝛯0

𝑐 and
𝛴𝑐 is provided in Table 6.5. The SCS decay 𝛺𝑐 → 𝛯0𝛾 is disadvantageous as two DCS
partner decays are required to extract the SM amplitude.

Branching ratios of rare radiative charm anti-triplet baryon decays are expected to be
comparable with those of D mesons. The fragmentation fractions and the corresponding
number of charm baryons for current and future 𝑒+𝑒− colliders, which are shown in Table
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6.6 Summary

𝐵𝑐 𝑓(𝑐 → ℎ𝑐) 𝑁(ℎ𝐶) FCC-ee 𝑁(ℎ𝐶) Belle II
𝛬𝑐 0.06 ∼ 3 ⋅ 1010 ∼ 4 ⋅ 109

𝛯+
𝑐 0.00024 ∼ 1 ⋅ 108 ∼ 1 ⋅ 107

𝛯0
𝑐 0.00024 ∼ 1 ⋅ 108 ∼ 1 ⋅ 107

𝛺𝑐 0.004 ∼ 2 ⋅ 109 ∼ 2 ⋅ 108

Table 6.6: Charm fragmentation fractions 𝑓(𝑐 → 𝐵𝑐) [168] and number of charmed baryons
for 𝑐𝑐 production rates of 550 ⋅ 109 (FCC-ee) and 65 ⋅ 109 (Belle II with 50 ab−1) [81].

6.6, are significantly smaller compared to charm mesons (see Table 4.3). Thus, the number
of unreconstructed events is also decreased. Based on our benchmark 𝐵CF = 5 ⋅ 10−4, we
expect only ∼ 10 unreconstructed events for the DCS decays 𝛯+

𝑐 → 𝑝𝛾 and 𝛯0
𝑐 → 𝑛𝛾 at

Belle II. However, those decays are not mandatory for the proposed test of the SM and
can be replaced by CF modes with significantly larger production rates. The only DCS
decay modes which cannot be replaced by CF ones are 𝛺𝑐 → 𝛬𝛾 and 𝛺𝑐 → 𝛴0𝛾. which
are mandatory to determine the SM amplitude of the SCS decay 𝛺𝑐 → 𝛯0𝛾.
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7 Conclusion and Outlook
This thesis presents different opportunities to test the SM with radiative |𝛥𝑐| = |𝛥𝑢| = 1
transitions beyond the resonant decays 𝐷 → 𝑉 𝛾 and 𝐷 → 𝐴𝛾. Chapter 2 summarizes
the SM and introduces the approximate symmetries of QCD which are a key ingredient
for studying radiative charm decays. Furthermore, searches for physics beyond the SM
are motivated. Subsequently, chapter 3 discusses the concept of weak effective theory.
The effective Lagrangian for 𝑐 → 𝑢𝛾 transitions is given together with the SM Wilson
coefficients. Current bounds on the electromagnetic dipole coefficients are summarized.

In chapter 4, radiative three body decays 𝐷 → 𝑃𝑃𝛾 are discussed. Low’s theorem,
HH𝜒PT and leading order QCD factorization have been used to calculate the decay
amplitude for all 18 decays with 𝑃 = 𝜋, 𝐾 which are induced by dimension six operators.
HH𝜒PT form factors have been worked out including the resonance contributions for all
decay channels. (Differential) branching ratios, the forward-backward asymmetry and CP
asymmetries are determined within the SM and in different BSM scenarios. The main
results can be summarized as follows, see also section 4.6:

• Decay distributions are dominated by resonances and bremsstrahlung.

• Branching ratios can be affected by new physics in the region of the 𝑠-channel
resonance. However, a separation of new physics effects is challenging in view of
hadronic uncertainties. Branching ratios of CF and DCS modes can be used to
validate the used theory models.

• Forward-backward asymmetries exhibit significant qualitative differences between
SM prediction and BSM scenarios in some cases. The most reasonable 𝑐 → 𝑢𝛾 modes
to search for new physics are 𝐷0 → 𝜋+𝜋−𝛾, 𝐷+ → 𝜋+𝜋0𝛾 and 𝐷𝑠 → 𝜋+𝐾0𝛾 as
they provide the greatest impact of NP contributions and smallest SM uncertainties.
However, it is difficult to claim sensitivity to new physics effects due to the intrinsic
uncertainty of the Breit Wigner approach and the complicated interplay of 𝑠-, 𝑡- and
𝑢-channel contributions. Therefore, SM-like modes should be utilized beforehand
to estimate the accuracy of the predictions. For this purpose 𝐷0 → 𝜋0𝐾0𝛾, 𝐷𝑠 →
𝜋+𝜋0𝛾 and 𝐷+ → 𝐾+𝜋0𝛾 are suitable as they provide small uncertainties and a
disinctive shape which is reasonably well understood.

• CP asymmetries provide a null-test of the SM due to negligible CP violating phases
in the charm sector of the SM. Dalitz plots are suitable to search for new physics in
all SCS decay modes. For the singly differential CP asymmetries, 𝐷+ → 𝜋+𝜋0𝛾 and
𝐷𝑠 → 𝜋+𝐾0𝛾 are the most suitable as they are sensitive to both dipole coefficients
and not subject to cancellations between 𝑡- and 𝑢-channel contributions.

In chapter 5, a SM test using the photon polarization in 𝐷+
(𝑠) → 𝐾+

1 (→ 𝐾𝜋𝜋)𝛾 decays
is discussed. The polarization parameter can be extracted from an up-down asymmetry,
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7 Conclusion and Outlook

analogously to 𝐵 → 𝐾1(→ 𝐾𝜋𝜋)𝛾 decays. However, precise knowledge of the helicity
amplitudes and all relativ phases is needed for the extraction. Charm physics is advanta-
geous as partner decay exist. 𝐷+ → 𝐾+

1 (→ 𝐾𝜋𝜋)𝛾 is SM-like and 𝐷𝑠 → 𝐾+
1 (→ 𝐾𝜋𝜋)𝛾 is

a BSM sensitive FCNC transition. Due to the universality of the helicity amplitudes, the
ratio of their up-down asymmetries coincides with the ratio of the polarization parameters,
which is equal to one within the SM up to U-spin breaking corrections. Thus, a significant
deviation of the ratio from one may be an indication of new physics in the dipole operators.

Finally, rare radiative decays of charm baryons are discussed in chapter 6. To bypass
the difficulties in the calculation of the weak annihilation contributions, flavor symmetries
can be used to extract the SM amplitudes of the BSM sensitive decays from SM-like
partner decays. Flavor relations have been worked out for 𝐵𝑐3 → 𝐵8𝛾, 𝐵𝑐6 → 𝐵8𝛾 and,
for completeness, 𝐵𝑐6 → 𝐵10𝛾. Estimates of the NP potential are provided for branching
ratios, CP asymmetries and photon polarizations. The main results can be summarized
as follows, see also section 6.6:

• Decays of 𝛯′
𝑐 and 𝛴𝑐 are unusable as they decay strongly and electromagnetically,

respectively.

• NP effects can alter branching ratios beyond the level of 𝑆𝑈(3)𝐹 breaking effects.

• CP asymmetries serve as null test within the SM. NP can enhance CP asymmetries
up to few percent.

• A comparison of the photon polarizations in SM-like and BSM sensitive partner
decays serve as null test of the SM. Within the SM, they are identical up to 𝑆𝑈(3)𝐹
breaking effects.

• For unpolarized charm baryons, the photon polarizations can be determined using
the decay chains 𝐵𝑐 → 𝐵(→ 𝐵′𝑃)𝛾 with self-analyzing secondary baryons. The
BSM sensitive decays 𝛯+

𝑐 → 𝛴+𝛾 and 𝛯0
𝑐 → 𝛬𝛾 are suitable for this type of analysis.

The corresponding partner decays are 𝛬𝑐 → 𝛴+𝛾 and 𝛯0
𝑐 → 𝛯0𝛾. For 𝛯+

𝑐 → 𝛴+𝛾,
a better sensitivity for new physics is expected.

• In case of polarized charm baryons, the determination of the photon polarization
is also possible for the BSM sensitive decays 𝛬𝑐 → 𝑝𝛾, 𝛯0

𝑐 → 𝛴0𝛾, 𝛺𝑐 → 𝛯0𝛾 and
their partner decays, allowing further null tests of the SM

Charm decays provide the opportunity to test the flavor structure in the up-type sector
of the SM. Precise calculations of the SM contributions are challenging with current
methods. This is due to systematic problems such as poor convergence of 𝛼𝑠 and heavy
quark expansion as well as dominant resonance contributions. This makes it difficult
to distinguish between SM and BSM physics in simple observables such as branching
ratios. However, these problems can be circumvented with specific observables, which
serve as a null test of the SM, and (approximate) symmetries of the SM. Radiative decays
complement searches for new physics with 𝐷0 − 𝐷0-mixing, hadronic, semileptonic and
dineutrino decays.

So far, no weak radiative charm decays beyond the resonant two-body decays of 𝐷
mesons have been observed. Experimental searches in all modes and observables are
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desirable as they allow to improve our understanding of QCD, valididate theoretical
methods and models and search for new physics in the up-type sector of the SM. With
branching ratios of order 𝒪(10−7 − 10−3), radiative charm decays are not only in reach of
current and future experiments such as LHCb, Belle II, BES III, Super charm-tau factory
and FCC, but also allow analyses with decent statistics.
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A Parameters

Masses 𝑚, mean life times 𝜏 and decay widths 𝛤 = ℏ
𝜏 , where ℏ = 6.582119569⋅10−25 GeV⋅s

is the reduced Planck constant, are taken from the PDG [103]. Upper limits refer to a 90%
confidence level. Parameters are provided with uncertainties. However, the uncertainties
are negligible for the numerical evaluation in this thesis. The parameters for the mesons
are given by

𝑚𝜋0 = (0.1349768 ± 0.0000005)GeV ,
𝑚𝜋± = (0.13957039 ± 0.0000018)GeV ,
𝑚𝜂 = (0.547862 ± 0.000017)GeV ,
𝑚𝜂′ = (0.95778 ± 0.00006)GeV ,
𝑚𝐾0 = (0.497611 ± 0.000013)GeV ,
𝑚𝐾± = (0.493677 ± 0.000016)GeV ,
𝑚𝜌 = (0.77526 ± 0.00023)GeV , 𝛤𝜌 = (0.1474 ± 0.0008)GeV ,
𝑚𝜔 = (0.78266 ± 0.00013)GeV , 𝛤𝜔 = (0.00868 ± 0.00013)GeV ,
𝑚𝜙 = (1.019461 ± 0.000016)GeV , 𝛤𝜙 = (0.004249 ± 0.000013)GeV ,
𝑚𝐾∗0 = (0.89555 ± 0.00020)GeV , 𝛤𝐾∗0 = (0.0473 ± 0.0005)GeV ,
𝑚𝐾∗± = (0.89267 ± 0.00026)GeV , 𝛤𝐾∗± = (0.0514 ± 0.0008)GeV ,
𝑚𝐾1(1270) = (1.253 ± 0.007)GeV , 𝛤𝐾1(1270) = (0.090 ± 0.020)GeV ,
𝑚𝐾1(1400) = (1.403 ± 0.007)GeV , 𝛤𝐾1(1400) = (0.174 ± 0.013)GeV ,
𝑚𝐷0 = (1.86484 ± 0.00005)GeV , 𝜏𝐷0 = (4.101 ± 0.015) ⋅ 10−13 s ,
𝑚𝐷+ = (1.86966 ± 0.00005)GeV , 𝜏𝐷+ = (1.040 ± 0.007) ⋅ 10−12 s ,
𝑚𝐷𝑠

= (1.96835 ± 0.00007)GeV , 𝜏𝐷𝑠
= (5.04 ± 0.04) ⋅ 10−13 s .

(A.1)

The mass of the 𝜂8 is obtained from the Gell-Mann-Okubo mass formula [104, 205]

𝑚𝜂8
= √4𝑚2

𝐾 − 𝑚2
𝜋

3
= (0.56929 ± 0.00003)GeV . (A.2)
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A Parameters

Masses, lifetimes and decay widths for the charm baryons are given by

𝑚𝛬𝑐
= (2.28646 ± 0.00014)GeV , 𝜏𝛬𝑐

= (2.024 ± 0.031) ⋅ 10−13 s ,
𝑚𝛯+

𝑐
= (2.46794+0.00017

−0.00020)GeV , 𝜏𝛯+
𝑐

= (4.56 ± 0.05) ⋅ 10−13 s ,
𝑚𝛯0

𝑐
= (2.47090+0.00022

−0.00029)GeV , 𝜏𝛯0
𝑐

= (1.53 ± 0.06) ⋅ 10−13 s ,
𝑚𝛴++

𝑐
= (2.45397 ± 0.00014)GeV , 𝛤𝛴++

𝑐
= (0.00185 ± 0.00014) GeV ,

𝑚𝛴+
𝑐

= (2.4529 ± 0.0004)GeV , 𝛤𝛴+
𝑐

< 0.0046 GeV ,
𝑚𝛴0

𝑐
= (2.45375 ± 0.00014)GeV , 𝛤𝛴0

𝑐
= (0.00179 ± 0.00015) GeV ,

𝑚𝛯′+
𝑐

= (2.5782 ± 0.0005)GeV ,
𝑚𝛯′0

𝑐
= (2.5787 ± 0.0005)GeV ,

𝑚𝛺𝑐
= (2.6952 ± 0.0017)GeV , 𝜏𝛺𝑐

= (2.68 ± 0.026) ⋅ 10−13 s .

(A.3)

Finally, the masses for the relevant members of the light baryon octet and decuplet are
provided

𝑚𝑝 = (0.938272081 ± 0.000000006)GeV , 𝜏𝑝 > 3.6 ⋅ 1029 years ,
𝑚𝑛 = (0.9389565413 ± 0.000000006)GeV , 𝜏𝑛 = (879.4 ± 0.6) s ,
𝑚𝛴0 = (1.192642 ± 0.000024)GeV , 𝜏𝛴0 = (74 ± 7) ⋅ 10−21 s ,
𝑚𝛴+ = (1.18937 ± 0.000007)GeV , 𝜏𝛴+ = (8.018 ± 0.026) ⋅ 10−11 s ,
𝑚𝛬 = (1.115683 ± 0.000006)GeV , 𝜏𝛬 = (2.632 ± 0.020) ⋅ 10−10 s ,
𝑚𝛯0 = (1.31486 ± 0.00020)GeV , 𝜏𝛯0 = (2.90 ± 0.09) ⋅ 10−10 s ,
𝑚𝛥++/+/0 ≈ (1.232 ± 0.002)GeV , 𝛤𝛥++/+/0 ≈ (0.117 ± 0.003)GeV ,
𝑚𝛴∗0 = (1.3837 ± 0.0010)GeV , 𝛤𝛴∗0 = (0.036 ± 0.005)GeV ,
𝑚𝛴∗+ = (1.38280 ± 0.00035)GeV , 𝛤𝛴∗+ = (0.036 ± 0.007)GeV ,
𝑚𝛯∗0 = (1.53180 ± 0.00032)GeV , 𝛤𝛯∗0 = (0.0091 ± 0.0001)GeV .

(A.4)

Fermi’s constant 𝐺𝐹, electromagnetic coupling 𝛼em and charm quark MS mass 𝑚𝑐(𝜇) are
given by [103]

𝐺𝐹 = 1.166379 ⋅ 10−5 GeV2 ,
𝛼em = 7.29735257 ⋅ 10−3 ,
𝑚𝑐(𝑚𝑐) = 1.27 ± 0.02 .

(A.5)
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The modulus of the 𝐷 → 𝑃𝑃 amplitudes, which are needed to describe the bremsstrahlung
according to Low’s theorem (see Sec. 4.2.1), are obtained from the branching ratios [103]

𝐵(𝐷0 → 𝜋+𝐾−) = (3.946 ± 0.030) ⋅ 10−2 , 𝐵(𝐷0 → 𝐾+𝜋−) = (1.50 ± 0.07) ⋅ 10−4 ,
𝐵(𝐷0 → 𝜋+𝜋−) = (1.453 ± 0.024) ⋅ 10−3 , 𝐵(𝐷0 → 𝐾+𝐾−) = (4.08 ± 0.06) ⋅ 10−3

𝐵(𝐷+ → 𝜋+𝜋0) = (1.247 ± 0.033) ⋅ 10−3 , 𝐵(𝐷𝑠 → 𝜋+𝜋0) < 3.4 ⋅ 10−4 ,
𝐵(𝐷+ → 𝜋+𝐾0

S) = (1.562 ± 0.031) ⋅ 10−2 , 𝐵(𝐷𝑠 → 𝜋+𝐾0
S) = (1.19 ± 0.05) ⋅ 10−3 ,

𝐵(𝐷+ → 𝜋+𝐾0
L) = (1.46 ± 0.05) ⋅ 10−2 ,

𝐵(𝐷+ → 𝐾+𝜋0) = (2.08 ± 0.21) ⋅ 10−4 , 𝐵(𝐷𝑠 → 𝐾+𝜋0) = (6.1 ± 2.1) ⋅ 10−4 ,
𝐵(𝐷+ → 𝐾+𝐾0

S) = (3.04 ± 0.09) ⋅ 10−3 , 𝐵(𝐷𝑠 → 𝐾+𝐾0) = (2.95 ± 0.14) ⋅ 10−2 ,
𝐵(𝐷+ → 𝐾+𝐾0

L) = (3.21 ± 0.16) ⋅ 10−3 .
(A.6)

For the extraction of the couplings 𝑔𝑉 𝑃𝛾 (see eq. (4.16)) and 𝑔𝑉 𝑃𝑃 (see eq. (5.18)) we
use [103]

𝐵(𝜌± → 𝜋±𝛾) = (4.5 ± 0.5) ⋅ 10−4 ,
𝐵(𝜌0 → 𝜋0𝛾) = (4.7 ± 0.8) ⋅ 10−4 ,
𝐵(𝜔 → 𝜋0𝛾) = (8.34 ± 0.26) ⋅ 10−2 ,
𝐵(𝐾∗± → 𝐾±𝛾) = (9.8 ± 0.9) ⋅ 10−4 ,
𝐵(𝐾∗0 → 𝐾0𝛾) = (2.46 ± 0.21) ⋅ 10−3 ,
𝐵(𝜌 → 𝜋+𝜋−) ≈ 1 ,
𝐵(𝐾∗0 → (𝐾𝜋)0) = 0.99754 ± 0.00021 .

(A.7)

Branching ratios and parity violating parameters of hadronic two body decays of baryons
are given by [103]

𝐵(𝛬 → 𝑝𝜋−) = (63.9 ± 0.5)% , 𝛼𝐵(𝛬 → 𝑝𝜋−) = 0.732 ± 0.014 ,
𝐵(𝛴+ → 𝑝𝜋0) = (53.57 ± 0.30)% , 𝛼𝐵(𝛴+ → 𝑝𝜋0) = −0.981 ± 0.016 ,
𝐵(𝛴+ → 𝑛𝜋+) = (48.31 ± 0.30)% , 𝛼𝐵(𝛴+ → 𝑛𝜋+) = 0.068 ± 0.013 ,
𝐵(𝛯0 → 𝛬𝜋0) = (99.52 ± 0.012)% , 𝛼𝐵(𝛯0 → 𝛬𝜋0) = −0.356 ± 0.011 .

(A.8)

Branching ratios for radiative 𝐵 decays are given by [103]

𝐵(𝐵0 → 𝐾0∗(892)𝛾) = (4.18 ± 0..25) × 10−5 ,
𝐵(𝐵+ → 𝐾+

1 (1270)𝛾) = (4.4+0.7
−0.6) × 10−5 ,

𝐵(𝐵+ → 𝐾+
1 (1400)𝛾) = (10+5

−4) × 10−5 .
(A.9)

The CKM matrix elements are taken from the UTfit collaboration [97]

𝑉𝑢𝑑 = 0.97431 ± 0.00012, 𝑉𝑢𝑠 = 0.22514 ± 0.00055,
𝑉𝑐𝑑 = (−0.22500 ± 0.00054) exp [𝑖(0.0351 ± 0.0010)∘] ,
𝑉𝑐𝑠 = (0.97344 ± 0.00012) exp [𝑖(−0.001880 ± 0.000055)∘] .

(A.10)
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A Parameters

The decay constants are given by [1, 22, 206, 207]

𝑓𝐷 = (0.21215 ± 0.00127)GeV , 𝑓𝐷𝑠
= (0.24883 ± 0.00127)GeV ,

𝑓𝜋 = (0.1302 ± 0.0014)GeV , 𝑓𝐾 = (0.1556 ± 0.0004)GeV
𝑓𝜌 = (0.216 ± 0.003)GeV , 𝑓𝜌(𝑑) = (0.2097 ± 0.0003)GeV ,
𝑓𝜔 = (0.197 ± 0.008)GeV , 𝑓𝜔(𝑑) = (0.2013 ± 0.0008)GeV ,
𝑓𝜙 = (0.233 ± 0.004)GeV ,
𝑓𝐾1(1270) = (0.17 ± 0.02)GeV , 𝑓𝐾1(1400) = (0.175 ± 0.037)GeV .

(A.11)

𝜒PT [208] and the 𝑞𝑞 − 𝑠𝑠 mixing scheme [209] provide decay constants for singlet and
octet states 𝜂0 and 𝜂8

𝑓𝜂8
= √4

3
𝑓2

𝐾 − 1
3

𝑓2
𝜋 = (0.1632 ± 0.0006)GeV ,

𝑓𝜂0
= √2

3
𝑓2

𝐾 + 1
3

𝑓2
𝜋 = (0.1476 ± 0.0005)GeV ,

(A.12)

which are in agreement with values extracted from 𝜂(′) → 𝛾𝛾 decays [209]

𝑓𝜂8
= (0.164 ± 0.006)GeV , 𝑓𝜂0

= (0.152 ± 0.004)GeV . (A.13)
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B Transition form factors

In this appendix we provide information about the vacuum → 𝑃𝑃 (section B.1), 𝐷 → 𝑉
(section B.2) and 𝐵𝑐 → 𝐵 (section B.4) transition form factors. The HH𝜒PT form factors
are given in appendix C

B.1 vacuum → 𝑃𝑃→ 𝑃𝑃→ 𝑃𝑃

The vacuum → 𝑃𝑃 form factors are the main ingredient for the QCDF predictions
(section 4.2.3) of the 𝐷 → 𝑃𝑃𝛾 decay amplitude and primarily responsible for the shape
of the distributions. Due to the discrete symmetries of QCD and conservation of angular
momentum, the axialvector current does not contribute. The remaining matrix element
can generally be parametrized by two form factors

⟨𝑃1(𝑝1)𝑃2(𝑝2)| ̄𝑞𝛾𝜇𝑞′|0⟩ = 𝑓𝑃1𝑃2
+ (𝑠)(𝑝1 − 𝑝2)𝜇 + 𝑓𝑃1𝑃2− (𝑠)(𝑝1 + 𝑝2)𝜇 , (B.1)

where the labeling has been adopted from [210]. Here, 𝑠 = (𝑝1 + 𝑝2)2 is the invariant
mass squared of the two pseudoscalars. If the masses of the pseudoscalars are identical,
𝑓−(𝑠) = 0 has to hold due to current conservation. Furthermore, the remaining form
factor 𝑓+ has to vanish if the final state is symmetric in the pseudoscalars. However, the
QCDF amplitude depends only on the form factor 𝑓+. Therefore, we neglect 𝑓− in the
following. This section is split up into three subsections, one for each of the final states
𝜋𝜋, 𝐾𝐾 and 𝐾𝜋.

B.1.1 Pion form factors

The electromagnetic pion form factor 𝐹 em
𝜋 is defined as

⟨𝜋+(𝑝1)𝜋−(𝑝2)|𝑗em
𝜇 |0⟩ = 𝐹 em

𝜋 (𝑠)(𝑝1 − 𝑝2)𝜇 , (B.2)

where the electromagnetic current can be decomposed into an isotriplet (𝐼 = 1), an
isosinglet (𝐼 = 0) and a strangeness current

𝑗em
𝜇 = 2

3
𝑢𝛾𝜇𝑢 − 1

3
𝑑𝛾𝜇𝑑 − 1

3
𝑠𝛾𝜇𝑠

= 1
2

(𝑢𝛾𝜇𝑢 − 𝑑𝛾𝜇𝑑) + 1
6

(𝑢𝛾𝜇𝑢 + 𝑑𝛾𝜇𝑑) − 1
3

𝑠𝛾𝜇𝑠

= 1√
2

𝑗(𝐼=1)
𝜇 + 1

3
√

2
𝑗(𝐼=0)

𝜇 − 1
3

𝑗𝑠
𝜇

= 𝐽 (𝐼=1)
𝜇 + 𝐽 (𝐼=0)

𝜇 + 𝐽𝑠
𝜇 .

(B.3)
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B Transition form factors

In the isospin symmetry limit, only the 𝐼 = 1 current contributes to 𝐹 em
𝜋 , which can be

written as [211]

𝐹 em
𝜋 (𝑠) = [

3
∑
𝑛=0

𝑐𝑛𝐵𝑊 𝐾𝑆
𝑛 (𝑠)]

𝑓𝑖𝑡

+ [
∞

∑
𝑛=4

𝑐𝑛𝐵𝑊 𝐾𝑆
𝑛 (𝑠)]

dual-QCD𝑁𝐶=∞

. (B.4)

The coefficients 𝑐0−3 are fitted to data, while the remaining coefficients 𝑐𝑛 are given by
the dual-QCD model

𝑐0 = 1.171 ± 0.007 , 𝑐1 = −0.119 ± 0.011 ,
𝑐2 = 0.0115 ± 0.0064 , 𝑐3 = −0.0438 ± 0.02 ,

𝑐𝑛 =
2(−1)𝑛𝛤(1.8)𝑚2

𝜌√
𝜋𝑚2

𝑛𝛤(𝑛 + 1)𝛤(1.3 − 𝑛)
𝑛 ≥ 4 .

(B.5)

The Breit-Wigner function takes into account an 𝑠-dependent width

𝐵𝑊 𝐾𝑆
𝑛 (𝑠) = 𝑚2

𝑛
𝑚2

𝑛 − 𝑠 − 𝑖
√

𝑠𝛤𝑛(𝑠)
.

𝛤𝑛(𝑠) = 0.2𝑚3
𝑛

𝑠
( 𝑝(𝑠)

𝑝(𝑚2
𝑛)

)
3

𝛤𝑛 ,

𝑝(𝑠) = √𝑠 − 4𝑚2
𝜋/2 .

(B.6)

The masses and widths of the 𝜌 meson and its first excitation are fitted to data

𝑚𝜌 = (0.7739 ± 0.0006)GeV , 𝑚𝜌′ = (1.357 ± 0.018)GeV ,
𝛤𝜌 = (0.1149 ± 0.0010)GeV , 𝛤𝜌′ = (0.437 ± 0.060)GeV .

(B.7)

The remaining masses and widths are given by

𝑚2
𝑛 = 𝑚2

𝜌(1 + 2𝑛) , 𝛤𝑛 = 0.2m𝑛 . (B.8)

𝐹 em
𝜋 is shown in Figure B.1.

B.1.2 Kaon form factors
The electromagnetic kaon form factor 𝐹 em

𝐾+ , defined as

⟨𝐾+(𝑝1)𝐾−(𝑝2)|𝑗em
𝜇 |0⟩ = 𝐹 em

𝐾+(𝑠)(𝑝1 − 𝑝2)𝜇 , (B.9)

is taken from [211] and shown in Figure B.2. Here, the isospin-zero components contribute
to the form factor via 𝜔 and 𝜙 resonances

𝐹 em
𝐾+(𝑠) = 𝐹 (𝐼=1)

𝐾+ (𝑠) + 𝐹 (𝐼=0)
𝐾+ (𝑠) + 𝐹 𝑠

𝐾+(𝑠),

𝐹 (𝐼=1)
𝐾+ (𝑠) = 1

2
(𝑐𝐾

𝜌 𝐵𝑊𝜌(𝑠) + 𝑐𝐾
𝜌′𝐵𝑊𝜌′(𝑠) + 𝑐𝐾

𝜌″𝐵𝑊𝜌″(𝑠)),

𝐹 (𝐼=0)
𝐾+ (𝑠) = 1

6
(𝑐𝐾

𝜔 𝐵𝑊𝜔(𝑠) + 𝑐𝐾
𝜔′𝐵𝑊𝜔′(𝑠) + 𝑐𝐾

𝜔″𝐵𝑊𝜔″(𝑠)),

𝐹 𝑠
𝐾+(𝑠) = 1

3
(𝑐𝜙𝐵𝑊𝜙(𝑠) + 𝑐𝜙′𝐵𝑊𝜙′(𝑠)).

(B.10)
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0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
s [GeV2]

2

0

2

4

6 Re(Fem)
Im(Fem)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
s [GeV2]

1

2

3

4

5

6 |Fem|

Figure B.1: The real and imaginary part (left) as well as the absolut values (right) of the
electromagnetic pion form factor 𝐹 em

𝜋 (B.4) as a function of the invariant mass squared 𝑠.

The fit parameters are given by

𝑚𝜙 = 1.019372GeV, 𝑚𝜙 = 1.68GeV, 𝑚𝜌′ = 1.465GeV,
𝑚𝜌″ = 1.720GeV, 𝑚𝜔′ = 1.425GeV, 𝑚𝜔″ = 1.67GeV,
𝛤𝜙 = 0.00436GeV, 𝛤𝜙′ = 0.150GeV, 𝛤𝜌 = 0.150GeV, 𝛤𝜌′ = 0.400GeV,
𝛤𝜌″ = 0.250GeV, 𝛤𝜔 = 0.0084GeV, 𝛤𝜔′ = 0.215GeV, 𝛤𝜔″ = 0.315GeV,
𝑐𝜙 = (1.018 ± 0.006), 𝑐𝜙′ = (−0.018 ± 0.006),
𝑐𝐾

𝜌 = (1.195 ± 0.009), 𝑐𝐾
𝜌′ = (−0.112 ± 0.010), 𝑐𝐾

𝜌″ = (−0.083 ± 0.019),
𝑐𝐾

𝜔 = (1.195 ± 0.009), 𝑐𝐾
𝜔′ = (−0.112 ± 0.010), 𝑐𝐾

𝜔″ = (−0.083 ± 0.019).

(B.11)

B.1.3 𝐾𝜋𝐾𝜋𝐾𝜋 form factors
The 𝐾0𝜋− form factors are defined as

⟨𝐾0(𝑝1)𝜋−(𝑝2)| ̄𝑠𝛾𝜇𝑢|0⟩ = 𝑓𝐾0𝜋−

+ (𝑠) (𝑝1 − 𝑝2)𝜇 + 𝑓𝐾0𝜋−

− (𝑠) (𝑝1 + 𝑝2)𝜇 . (B.12)

The vector form factor 𝑓𝐾0𝜋−

+ , shown in Figure B.3, can be parametrized with a dispersion
relation [212]

𝑓𝐾0𝜋−

+ (𝑠) = 𝑓𝐾0𝜋−

+ (0) ⋅ exp[𝜆′
+

𝑠
𝑚2

𝜋
+ 1

2
(𝜆″

+ − 𝜆′2
+ ) 𝑠2

𝑚4
𝜋

+ 𝑠3

𝜋
∫

𝑠𝑐𝑢𝑡

𝑠𝐾𝜋

d𝑠′ 𝛿𝐾𝜋
1 (𝑠′)

(𝑠′)3(𝑠′ − 𝑠 − 𝑖𝜖)
] ,

(B.13)

with 𝑠𝐾𝜋 = (𝑚𝐾 + 𝑚𝜋)2. The phase 𝛿𝐾𝜋
1 (𝑠) is extracted from a two resonance model [212]

̃𝑓𝐾0𝜋−

+ (𝑠) =
𝑓𝐾0𝜋−

+ (𝑠)
𝑓𝐾0𝜋−

+ (0)
= 𝑚2

𝐾⋆ − 𝜅𝐾⋆�̃�𝐾𝜋(0) + 𝛽𝑠
𝐷(𝐾⋆)

− 𝛽𝑠
𝐷(𝐾⋆′)

, (B.14)
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Figure B.2: The real and imaginary parts (left) as well as the absolut values (right) of the
electromagnetic kaon form factors (B.10) as a function of 𝑠. The upper (lower) plots show
𝐹 (𝐼=1,0)

𝐾+ (𝐹 𝑠
𝐾+).

where

𝐷(𝑛) = 𝑚2
𝑛 − 𝑠 − 𝜅𝑛Re (�̃�𝐾𝜋(𝑠)) − 𝑖𝑚𝑛𝛾𝑛(𝑠) ,

𝛾𝑛(𝑠) = 𝛾𝑛
𝑠

𝑚2
𝑛

𝜎3
𝐾𝜋(𝑠)

𝜎3
𝐾𝜋(𝑚2

𝑛)
, 𝛾𝑛 = 𝛾𝑛(𝑚2

𝑛) ,

𝜎𝐾𝜋(𝑠) = 2𝑞𝐾𝜋(𝑠)√
𝑠

= 1
𝑠

√(𝑠 − (𝑚𝐾 + 𝑚𝜋)2) (𝑠 − (𝑚𝐾 − 𝑚𝜋)2) ,

𝜅𝑛 = 192𝜋𝑓𝐾𝑓𝜋
𝜎3

𝐾𝜋(𝑚2
𝑛)

𝛾𝑛
𝑚𝑛

.

(B.15)

The 𝜒PT loop integral functions [213]

�̃�𝐾𝜋(𝑠) = 𝐻𝐾𝜋(𝑠) − 2
3𝑓2

𝜋
𝐿𝑟

𝐾𝜋𝑠 = 1
𝑓2

𝜋
[𝑠𝑀𝑟

𝐾𝜋(𝑠) − 𝐿𝐾𝜋(𝑠)] (B.16)
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can be found in chapter 8 of Ref. [214]:

𝑀𝑟
𝐾𝜋(𝑠) = 1

12𝑠
(𝑠 − 2𝛴)𝐽𝐾𝜋(𝑠) + 𝛥2

3𝑠2 𝐽𝐾𝜋(𝑠) − 1
6

𝑘𝐾𝜋(𝜇) + 1
288𝜋2 ,

𝐿𝐾𝜋(𝑠) = 𝛥2

4𝑠
𝐽𝐾𝜋(𝑠) ,

𝑘𝐾𝜋(𝜇) = 1
32𝜋2

1
𝛥

(𝑚2
𝐾 ln(𝑚2

𝐾
𝜇2 ) − 𝑚2

𝜋 ln(𝑚2
𝜋

𝜇2 )) ,

𝐽𝐾𝜋(𝑠) = 𝐽𝐾𝜋(𝑠) − 𝑠𝐽′
𝐾𝜋(0) ,

𝐽𝐾𝜋(𝑠) = 𝐽𝐾𝜋(𝑠) − 𝐽𝐾𝜋(0)

= 1
32𝜋2 (2 + [𝛥

𝑠
− 𝛴

𝛥
] ln( 𝑚2

𝜋
𝑚2

𝐾
) − 𝑣

𝑠
ln((𝑠 + 𝑣)2 − 𝛥2

(𝑠 − 𝑣)2 − 𝛥2 )) ,

𝐽′
𝐾𝜋(0) = 1

32𝜋2 ( 𝛴
𝛥2 + 2𝑚2

𝐾𝑚2
𝜋

𝛥3 ln( 𝑚2
𝜋

𝑚2
𝐾

)) ,

𝑣(𝑠) = 𝑠𝜎𝐾𝜋(𝑠) ,
𝛴 = 𝑚2

𝐾 + 𝑚2
𝜋 ,

𝛥 = 𝑚2
𝐾 − 𝑚2

𝜋 .

(B.17)

The renormalization scale 𝜇 is set to the physical resonance mass 𝜇 = 𝑚𝐾⋆ [212]. The
resonance masses and width parameters are unphysical fitting parameters. They are
obtained as [212]

𝑚fit
𝐾⋆ = (0.94341 ± 0.00058)GeV , 𝛾fit

𝐾⋆ = (0.06672 ± 0.00086)GeV ,
𝑚fit

𝐾⋆′ = (1.374 ± 0.030)GeV , 𝛾fit
𝐾⋆′ = (0.24 ± 0.10)GeV ,

𝑠𝑐𝑢𝑡 = 4GeV2 , 𝜇 = 𝑚phy
𝐾⋆ = 0.892GeV , 𝛽 = (−3.9 ± 1.5) ⋅ 10−2 ,

𝜆′
+ = (24.66 ± 0.69) ⋅ 10−3 , 𝜆′′

+ = (11.99 ± 0.19) ⋅ 10−4 ,

|𝑉𝑢𝑠|𝑓𝐾0𝜋−

+ (0) = 0.21664 ± 0.00048 .

(B.18)
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Figure B.3: The real and imaginary part (left) as well as the absolut value of the 𝑓𝐾0𝜋−

+
form factor (B.12) functions of 𝑠. Results from the two resonance model as well as the
dispersive description are shown. The form factor is extracted from 𝜏− → 𝜈𝜏𝐾𝑠𝜋− decays
[212].

B.2 𝐷 → 𝑉𝐷 → 𝑉𝐷 → 𝑉 form factors
We use the 𝐷 → 𝑉 form factors to determine the HH𝜒PT couplings 𝛼1 and 𝛼2 (4.22).
The matrix element of the 𝑉 − 𝐴 current can be defined in terms of four form factors 𝑉
and 𝐴0,1,2 [159]

⟨𝑉 (𝑝𝑉, 𝜖)| ̄𝑞𝛾𝜇(1 − 𝛾5)𝑐|𝐷(𝑝𝐷)⟩ = − 𝑉 (𝑞2)
𝑚𝐷 + 𝑚𝑉

𝜖𝜇𝛼𝛽𝛾𝜖∗𝛼𝑃 𝛽𝑞𝛾

+ 𝑖𝐴1(𝑞2)(𝑚𝐷 + 𝑚𝑉) (𝑞𝜇
𝜖∗ ⋅ 𝑃

𝑞2 − 𝜖∗
𝜇)

− 𝑖𝐴2(𝑞2) 𝜖∗ ⋅ 𝑃
𝑚𝐷 + 𝑚𝑉

(𝑞𝜇
𝑚2

𝐷 − 𝑚2
𝑉

𝑞2 − 𝑃𝜇)

− 𝑖𝐴0(𝑞2)2𝑚𝑉
𝜖∗ ⋅ 𝑃

𝑞2 𝑞𝜇 ,

(B.19)

with 𝑃 = 𝑝𝐷 + 𝑝𝑉 and 𝑞 = 𝑝𝐷 − 𝑝𝑉. The individual form factors can be parametrized in
terms of three parameters

𝐹(𝑞2) = 𝐹(0)

1 − 𝑎 𝑞2

𝑚2
𝐷

+ 𝑏 ( 𝑞2

𝑚2
𝐷

)
2 . (B.20)

For the extraction of 𝛼1 and 𝛼2 we used the 𝐷 → 𝐾∗ form factors obtained from the
covariant light-front model. The necessary parameters are given by [159]

𝐴1(0) = 0.72 ± 0.01 , 𝑎𝐴1
= 0.45 ± 0.02 , 𝑏𝐴1

= 0.01 ± 0.00 ,
𝐴2(0) = 0.60 ± 0.00 , 𝑎𝐴2

= 0.89 ± 0.01 , 𝑏𝐴2
= 0.21 ± 0.02 ,

(B.21)

where uncertainties are added in quadrature. We note that one could also use other
transitions such as 𝐷 → 𝜌, 𝐷 → 𝜔, 𝐷𝑠 → 𝐾∗ and 𝐷𝑠 → 𝜙 to determine the parameters.
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B.3 𝐷𝑠 → 𝐾+
1 tensor form factors

In addition, calculations with other methods [215–219] as well as first measurements [220,
221] of the form factors are available.

B.3 𝐷𝑠 → 𝐾+
1𝐷𝑠 → 𝐾+
1𝐷𝑠 → 𝐾+
1 tensor form factors

The 𝐷𝑠 → 𝐾+
1 matrix element of a tensor current can be parametrized as

⟨𝐾+
1 (𝜀, 𝑘)|�̄�𝜎𝜇𝜈(1 ± 𝛾5)𝑞𝜈𝑐|𝐷𝑠(𝑝)⟩ = 𝑇 𝐾1

2 (𝑞2) [𝜀∗
𝜇(𝑚2

𝐷𝑠
− 𝑚2

𝐾1
) − (𝜀∗𝑝)(𝑝 + 𝑘)𝜇]

+ 𝑇 𝐾1
3 (𝑞2)(𝜀∗𝑝) [𝑞𝜇 − 𝑞2

𝑚2
𝐷𝑠

− 𝑚2
𝐾1

(𝑝 + 𝑘)𝜇]

± 2𝑇 𝐾1
1 (𝑞2)𝑖𝜖𝜇𝜈𝜌𝜎𝜀𝜈∗𝑝𝜌𝑘𝜎 ,

(B.22)

with 𝑇 𝐾1
1 (0) = 𝑇 𝐾1

2 (0).

B.4 𝐵𝑐 → 𝐵𝐵𝑐 → 𝐵𝐵𝑐 → 𝐵 form factors

The 𝐵𝑐 → 𝐵 form factors can be written as

⟨𝐵(𝑞, 𝑠𝐵)|𝑢i𝜎𝜇𝜈𝑘𝜈𝑐|𝐵𝑐(𝑃 , 𝑠𝐵𝑐
)⟩ =

−𝑢(𝑞, 𝑠𝐵) [ℎ𝐵𝑐→𝐵
+ (𝑘2)

𝑠+
𝑘𝜈 (𝑘𝜈𝑠𝜇 − 𝑠𝜈𝑘𝜇)

+ℎ𝐵𝑐→𝐵
⟂ (𝑘2) (−𝑖𝜎𝜇𝜈𝑘𝜈 + 1

𝑠+
𝑘𝜈 (𝑠𝜈𝑘𝜇 − 𝑘𝜈𝑠𝜇))] 𝑢(𝑃 , 𝑠𝐵𝑐

)

(B.23)

⟨𝐵(𝑞, 𝑠𝐵)|𝑢i𝜎𝜇𝜈𝑘𝜈𝛾5𝑐|𝐵𝑐(𝑃 , 𝑠𝐵𝑐
)⟩ =

−𝑢(𝑞, 𝑠𝐵)𝛾5 [ℎ̃𝐵𝑐→𝐵
+ (𝑘2)

𝑠−
𝑘𝜈 (𝑘𝜈𝑠𝜇 − 𝑠𝜈𝑘𝜇)

+ℎ̃𝐵𝑐→𝐵
⟂ (𝑘2) (−𝑖𝜎𝜇𝜈𝑘𝜈 + 1

𝑠−
𝑘𝜈 (𝑠𝜈𝑘𝜇 − 𝑘𝜈𝑠𝜇))] 𝑢(𝑃 , 𝑠𝐵𝑐

)

(B.24)

with 𝑘 = 𝑃 − 𝑞, 𝑠 = 𝑃 + 𝑞 and 𝑠± = (𝑚𝐵𝑐
± 𝑚𝐵)2 − 𝑘2. The definition of the tensor form

factors ℎ and ℎ̃ are identical to those in [191]. We have only rearranged the expressions
using the Gordan-identity into a more practical notation for radiative decays. The fit
results and correlation matrices are given in [191] for 𝛬𝑐 → 𝑝 in terms of the 𝑧-expansion

𝑓(𝑘2) = 1
1 − 𝑘2/(𝑚𝑓

𝑝𝑜𝑙𝑒)2

𝑛𝑚𝑎𝑥

∑
𝑛=0

𝑎𝑓
𝑛|𝑧(𝑘2)|𝑛 (B.25)
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B Transition form factors

with

𝑧(𝑘2) =
√𝑡+ − 𝑘2 − √𝑡+ − 𝑡0

√𝑡+ − 𝑘2 + √𝑡+ − 𝑡0
(B.26)

and

𝑡+ = (𝑚𝐷 + 𝑚𝜋)2 , 𝑡0 = (𝑚𝛬𝑐
− 𝑚𝑝)2 . (B.27)
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C HH𝜒𝜒𝜒PT form factors

In this appendix we provide the HH𝜒PT form factors derived from the effective Lagrangian
and weak currents defined in section 4.2.2. Section C.1 covers the radiative three body
decays 𝐷 → 𝑃𝑃𝛾. In App. C.2 we define and list the form factors of the hadronic two
body decays 𝐷 → 𝑃𝑃.

C.1 radiative three body decays

To provide a better overview, we divide this section into three parts. The form factors of
the CF, SCS and DCS decays are given in sections C.1.1, C.1.2 and C.1.3, respectively.
Furthermore, we show all corresponding HH𝜒PT Feynman diagrams in Fig. C.1-C.19.
The order of the decays is arranged as in 4.1. The form factors for 14 of the 18 decays
are taken from [2, 3]. The missing modes 𝐷 → 𝜋0𝜋0𝛾, 𝐷 → 𝐾0𝐾0𝛾, 𝐷 → 𝜋0𝐾0𝛾 and
𝐷 → 𝐾+𝜋−𝛾 are included in this thesis. In the following we denote the Breit-Wigner
function and the 𝐷∗ − 𝐷 mass difference as

𝐵𝑊𝑛(𝑥) = 1
𝑥 − 𝑚2

𝑛 + 𝑖𝑚𝑛𝛤𝑛
,

𝛥 = 𝑚𝐷∗ − 𝑚𝐷 .
(C.1)

C.1.1 Cabibbo favored modes

𝐷0 → 𝜋0𝐾0𝛾

𝐸(𝑠,𝑑)
1 = 𝑖𝑔𝑓𝐷𝑓𝐾

𝑓𝜋

𝑣 ⋅ 𝑘
𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝1 + 𝛥

( 1
𝑣 ⋅ 𝑘 + 𝛥

− 1
𝑣 ⋅ 𝑝1 + 𝛥

)

× (
√

2𝜆′ + 1
2

𝜆𝑔𝑣 ( 𝑔𝜔
3𝑚2

𝜔
+

𝑔𝜌

𝑚2
𝜌

))
(C.2)

𝐷(𝑠,𝑑)
1 = −

√
2𝑓𝐷𝑓𝐾

𝑓𝜋
𝜆′ ( 1

𝑣 ⋅ 𝑘 + 𝛥
+ 𝑔 𝑣 ⋅ 𝑝2

𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑘
[ 1

𝑣 ⋅ 𝑘 + 𝛥
+ 1

𝑣 ⋅ 𝑝1 + 𝛥
]) (C.3)

𝐷(𝑠,𝑑)
2 = −1

2
𝑓𝐷𝑓𝐾

𝑓𝜋
𝜆𝑔𝑣 ( 𝑔𝜔

3𝑚2
𝜔

+
𝑔𝜌

𝑚2
𝜌

)

× ( 1
𝑣 ⋅ 𝑘 + 𝛥

+ 𝑔 𝑣 ⋅ 𝑝2
𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑘

[ 1
𝑣 ⋅ 𝑘 + 𝛥

+ 1
𝑣 ⋅ 𝑝1 + 𝛥

])
(C.4)
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C HH𝜒PT form factors
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π0
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D0 K0 ρ/ω D0 K0 K∗0

Figure C.1: HH𝜒PTFeynman diagrams for the decay 𝐷0 → 𝜋0𝐾0𝛾.

𝐷(𝑠,𝑑)
3 = −√ 2

𝑚𝐷
𝑓𝐾(𝛼1𝑚𝐷 − 𝛼2𝑣 ⋅ 𝑝2) (

𝑚2
𝜌𝑔𝜌𝜋𝛾

𝑔𝜌
𝐵𝑊𝜌(𝑢) +

𝑚2
𝜔𝑔𝜔𝜋𝛾

𝑔𝜔
𝐵𝑊𝜔(𝑢))

+ 1√
2

𝑔𝐾∗𝑔𝐾∗𝐾𝛾
𝑓𝐷
𝑓𝜋

(1 + 𝑔𝑚𝐷 − 𝑣 ⋅ 𝑝1
𝑣 ⋅ 𝑝1 + 𝛥

) 𝐵𝑊𝐾∗(𝑡) (C.5)

𝐷(𝑠,𝑑)
4 = −𝑓𝐷

1
𝑣 ⋅ 𝑘 + 𝛥

(1 − 𝑚2
𝐾∗𝐵𝑊𝐾∗(𝑠)) (

√
2𝜆′ + 1

2
𝜆𝑔𝑣 ( 𝑔𝜔

3𝑚2
𝜔

+
𝑔𝜌

𝑚2
𝜌

)) (C.6)

𝐷(𝑠,𝑑)
5 = 1√

2
𝑓𝐷
𝑓𝐾

(𝑔𝜌𝑔𝜌𝜋𝛾𝐵𝑊𝜌(𝑢) − 𝑔𝜔𝑔𝜔𝜋𝛾𝐵𝑊𝜔(𝑢))

+ 1√
2

𝑓𝐷
𝑓𝜋

𝑔𝐾∗𝑔𝐾∗𝐾𝛾𝐵𝑊𝐾∗(𝑡)
(C.7)

𝐷(𝑠,𝑑)
6 = 1√

2
𝑓𝐷𝑓𝐾

𝑚2
𝐷

𝑚2
𝐷 − 𝑚2

𝐾
(

𝑚2
𝜌

𝑔𝜌
𝑔𝜌𝜋𝛾𝐵𝑊𝜌(𝑢) − 𝑚2

𝜔
𝑔𝜔

𝑔𝜔𝜋𝛾𝐵𝑊𝜔(𝑢)

−𝑚2
𝐾∗

𝑔𝐾∗
𝑔𝐾∗𝐾𝛾𝐵𝑊𝐾∗(𝑡))

(C.8)
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C.1 radiative three body decays

𝐷0 → 𝜋+𝐾−𝛾
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a) Contributions to the parity-even form factors
𝐴 and 𝐸. For each of the diagrams 𝐴1,1, 𝐴1,2,
𝐴1,3, 𝐴2,2, 𝐴2,3, 𝐴2,4, 𝐸1,1, 𝐸1,2, 𝐸1,3, 𝐸2,1
and 𝐸2,3 there are additional diagrams where the
photon is coupled to the pseudoscalar via a 𝜌0-, 𝜔-,
𝜙-mesons.
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b) Contributions to the parity-odd form factors 𝐵
and 𝐷.

Figure C.2: HH𝜒PTFeynman diagrams for the decay 𝐷0 → 𝜋+𝐾−𝛾.

𝐴(𝑠,𝑑)
1 = 𝑖𝑓𝐷𝑓𝜋

𝑓𝐾

𝑝1 ⋅ 𝑘 − 𝑚𝐷(𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝1)
(𝑝1 ⋅ 𝑘)(𝑝2 ⋅ 𝑘)

(C.9)

𝐴(𝑠,𝑑)
2 = −𝑖√𝑚𝐷𝑚𝐷𝑠

𝑓𝐷𝑠
𝑓𝜋

𝑓𝐾

𝑔
(𝑝1 ⋅ 𝑘)(𝑝2 ⋅ 𝑘)

(𝑝2 ⋅ 𝑘(𝑚𝐷 − 𝑣 ⋅ 𝑝2)
𝑚𝐷(𝑣 ⋅ 𝑝2 + 𝛥)

+ 𝑝2 ⋅ 𝑘 [𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2)]
𝑚𝐷(𝑣 ⋅ 𝑝2 + 𝛥)(𝑣 ⋅ 𝑝2 + 𝑣 ⋅ 𝑘 + 𝛥)

+ (𝑚𝐷 − 𝑣 ⋅ 𝑝1)𝑝1 ⋅ 𝑘 + 𝑚𝐷𝑝1 ⋅ 𝑝2 + 𝑚𝐷(𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2)
𝑚𝐷(𝑣 ⋅ 𝑝2 + 𝑣 ⋅ 𝑘 + 𝛥)

)

(C.10)

𝐴(𝑠,𝑑)
3 = 𝑖√

𝑚𝐷𝑠

𝑚𝐷

𝑓𝐷𝑠
𝑓𝜋

𝑓𝐾
𝑔 𝑣 ⋅ 𝑘

𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝2 + 𝛥

× ⎛⎜⎜
⎝

2𝜆′ −
√

2
3 𝜆𝑔𝑣

𝑔𝜙
𝑚2

𝜙

𝑣 ⋅ 𝑝2 + 𝛥
−

2𝜆′ + 1√
2𝜆𝑔𝑣 ( 𝑔𝜔

3𝑚2
𝜔

+ 𝑔𝜌
𝑚2

𝜌
)

𝑣 ⋅ 𝑘 + 𝛥
⎞⎟⎟
⎠

(C.11)

𝐵(𝑠,𝑑)
1 = 2𝑓𝐷𝑓𝜋

𝑓𝐾
𝜆′ ( 1

𝑣 ⋅ 𝑘 + 𝛥
+ 𝑔

𝑓𝐷𝑠

𝑓𝐷
√

𝑚𝐷𝑠

𝑚𝐷

𝑣 ⋅ 𝑝1
(𝑣 ⋅ 𝑝2 + 𝑣 ⋅ 𝑘)

[ 1
𝑣 ⋅ 𝑘 + 𝛥

+ 1
𝑣 ⋅ 𝑝2 + 𝛥

])

(C.12)
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C HH𝜒PT form factors

𝐵(𝑠,𝑑)
2 = 1√

2
𝑓𝜋
𝑓𝐾

𝜆𝑔𝑣 ( 𝑔𝜔
3𝑚2

𝜔
+

𝑔𝜌

𝑚2
𝜌

) 1
𝑣 ⋅ 𝑘 + 𝛥

(𝑓𝐷 + 𝑔√
𝑚𝐷𝑠

𝑚𝐷
𝑓𝐷𝑠

𝑣 ⋅ 𝑝1
(𝑣 ⋅ 𝑝2 + 𝑣 ⋅ 𝑘)

)

− 𝑔𝜆𝑔𝑣√
𝑚𝐷𝑠

𝑚𝐷

𝑓𝐷𝑠
𝑓𝜋

𝑓𝐾

√
2𝑔𝜙

3𝑚2
𝜙

𝑣 ⋅ 𝑝1
(𝑣 ⋅ 𝑝2 + 𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝2 + 𝛥)

(C.13)

𝐵(𝑠,𝑑)
3 = 2

√𝑚𝐷
𝑓𝜋

𝑚2
𝐾∗𝑔𝐾∗±𝐾±𝛾

𝑔𝐾∗
(𝛼1𝑚𝐷 − 𝛼2𝑣 ⋅ 𝑝1)𝐵𝑊𝐾∗−(𝑡)

− 𝑔𝜌𝑔𝜌±𝜋±𝛾
𝑓𝐷
𝑓𝐾

(1 + 𝑔√
𝑚𝐷𝑠

𝑚𝐷

𝑓𝐷𝑠

𝑓𝐷

𝑚𝐷 − 𝑣 ⋅ 𝑝2
𝑣 ⋅ 𝑝2 + 𝛥

) 𝐵𝑊𝜌+(𝑢)
(C.14)

𝐷(𝑠,𝑑)
1 = 𝑓𝐷

𝑣 ⋅ 𝑘 + 𝛥
(1 − 𝑚2

𝐾∗𝐵𝑊𝐾∗(𝑠)) (2𝜆′ + 1√
2

𝜆𝑔𝑣 ( 𝑔𝜔
3𝑚2

𝜔
+

𝑔𝜌

𝑚2
𝜌

)) (C.15)

𝐷(𝑠,𝑑)
2 = −𝑓𝐷

𝑓𝜋
𝑔𝐾∗𝑔𝐾∗±𝐾±𝛾𝐵𝑊𝐾∗−(𝑡) − 𝑓𝐷

𝑓𝐾
𝑔𝜌𝑔𝜌±𝜋±𝛾𝐵𝑊𝜌+(𝑢) (C.16)

𝐷(𝑠,𝑑)
3 = 𝑓𝐷𝑓𝐾

𝑚2
𝐷

𝑚2
𝐷 − 𝑚2

𝐾
(

𝑚2
𝜌

𝑔𝜌
𝑔𝜌±𝜋±𝛾𝐵𝑊𝜌+(𝑢) + 𝑚2

𝐾∗

𝑔𝐾∗
𝑔𝐾∗±𝐾±𝛾𝐵𝑊𝐾∗−(𝑡)) (C.17)

𝐷+ → 𝜋+𝐾0𝛾

𝐴(𝑠,𝑑)
1 = −𝑖𝑓𝐷𝑓𝜋

𝑓𝐾

𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑘
(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘)

(C.18)

𝐴(𝑠,𝑑)
3 = −𝑖√

𝑚𝐷𝑠

𝑚𝐷

𝑓𝐷𝑠
𝑓𝜋𝑔

𝑓𝐾

𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2) + (𝑣 ⋅ 𝑘)(𝑚𝐷 − 𝑣 ⋅ 𝑝2)
(𝑣 ⋅ 𝑝2 + 𝛥)(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘)

(C.19)

𝐴(𝑠,𝑑)
4 = −𝑖√

𝑚𝐷𝑠

𝑚𝐷

𝑓𝐷𝑠
𝑓𝜋𝑔(𝑣 ⋅ 𝑘)

𝑓𝐾(𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝2 + 𝛥)
⎡
⎢
⎣

2𝜆′ + 1√
2𝑔𝑣𝜆 ( 𝑔𝜔

3𝑚2
𝜔

− 𝑔𝜌
𝑚2

𝜌
)

𝑣 ⋅ 𝑘 + 𝛥
−

2𝜆′ −
√

2
3 𝑔𝑣𝜆 𝑔𝜙

𝑚2
𝜙

𝑣 ⋅ 𝑝2 + 𝛥
⎤
⎥
⎦

(C.20)

𝐸(𝑠,𝑑)
1 = −𝑖𝑓𝐷𝑓𝐾

𝑓𝜋

𝑣 ⋅ 𝑝2
(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘)

(C.21)

𝐸(𝑠,𝑑)
2 = −𝑖𝑓𝐷𝑓𝐾𝑔

𝑓𝜋

𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2) + (𝑣 ⋅ 𝑘)(𝑚𝐷 − 𝑣 ⋅ 𝑝2)
(𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝1 + 𝛥)(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘)

(C.22)

𝐸(𝑠,𝑑)
3 = −𝑖 𝑓𝐷𝑓𝐾𝑔(𝑣 ⋅ 𝑘)

𝑓𝜋(𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝1 + 𝛥)

× ⎡
⎢
⎣

2𝜆′ + 1√
2𝑔𝑣𝜆 ( 𝑔𝜔

3𝑚2
𝜔

+ 𝑔𝜌
𝑚2

𝜌
)

𝑣 ⋅ 𝑝1 + 𝛥
−

2𝜆′ + 1√
2𝑔𝑣𝜆 ( 𝑔𝜔

3𝑚2
𝜔

− 𝑔𝜌
𝑚2

𝜌
)

𝑣 ⋅ 𝑘 + 𝛥
⎤
⎥
⎦

(C.23)
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C.1 radiative three body decays
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a) Contributions to the parity-even form factors 𝐴
and 𝐸. For each of the diagrams 𝐴1,2, 𝐴1,3, 𝐴3,3,
𝐴3,4, 𝐸1,2 nd 𝐸2,3 there are additional diagrams
where the photon is coupled to the pseudoscalar
via a 𝜌0-, 𝜔-, 𝜙-mesons.
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b) Contributions to the parity-odd form factors 𝐵
and 𝐷.

Figure C.3: HH𝜒PTFeynman diagrams for the decay 𝐷+ → 𝜋+𝐾0𝛾.

𝐵(𝑠,𝑑)
1 = 𝑓𝐷𝑓𝜋

𝑓𝐾(𝑣 ⋅ 𝑘 + 𝛥)
[2𝜆′ + 1√

2
𝑔𝑣𝜆 ( 𝑔𝜔

3𝑚2
𝜔

−
𝑔𝜌

𝑚2
𝜌

)] (C.24)

𝐵(𝑠,𝑑)
2 = √

𝑚𝐷𝑠

𝑚𝐷

𝑓𝐷𝑠
𝑓𝜋𝑔(𝑣 ⋅ 𝑝1)

𝑓𝐾(𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝2)
⎡
⎢
⎣

2𝜆′ −
√

2
3 𝑔𝑣𝜆 𝑔𝜙

𝑚2
𝜙

𝑣 ⋅ 𝑝2 + 𝛥
+

2𝜆′ + 1√
2𝑔𝑣𝜆 ( 𝑔𝜔

3𝑚2
𝜔

− 𝑔𝜌
𝑚2

𝜌
)

𝑣 ⋅ 𝑘 + 𝛥
⎤
⎥
⎦
(C.25)

𝐵(𝑠,𝑑)
3 = −

𝑔𝜌𝑔𝜌±𝜋±𝛾

𝑓𝐾
(𝑓𝐷 + √

𝑚𝐷𝑠

𝑚𝐷
𝑓𝐷𝑠

𝑔𝑚𝐷 − 𝑣 ⋅ 𝑝2
𝑣 ⋅ 𝑝2 + 𝛥

) 𝐵𝑊𝜌+(𝑢)

+ 2𝑓𝜋(𝑚𝐷𝛼1 − 𝛼2𝑣 ⋅ 𝑝1)
√𝑚𝐷

𝑚2
𝐾∗

𝑔𝐾∗
𝑔𝐾∗𝐾𝛾𝐵𝑊𝐾∗(𝑡)

(C.26)

𝐷(𝑠,𝑑)
1 = −2𝑓𝐷𝑓𝐾

𝑓𝜋
𝜆′ [ 1

𝑣 ⋅ 𝑘 + 𝛥
+ 𝑔(𝑣 ⋅ 𝑝2)

𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝1
( 1

𝑣 ⋅ 𝑘 + 𝛥
+ 1

𝑣 ⋅ 𝑝1 + 𝛥
)] (C.27)

𝐷(𝑠,𝑑)
2 = −𝑓𝐷𝑓𝐾𝑔𝑣𝜆√

2𝑓𝜋

⎡⎢
⎣

𝑔𝜔
3𝑚2

𝜔
− 𝑔𝜌

𝑚2
𝜌

𝑣 ⋅ 𝑘 + 𝛥
+ 𝑔(𝑣 ⋅ 𝑝2)

𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝1
⎛⎜
⎝

𝑔𝜔
3𝑚2

𝜔
− 𝑔𝜌

𝑚2
𝜌

𝑣 ⋅ 𝑘 + 𝛥
+

𝑔𝜔
3𝑚2

𝜔
+ 𝑔𝜌

𝑚2
𝜌

𝑣 ⋅ 𝑝1 + 𝛥
⎞⎟
⎠

⎤⎥
⎦

(C.28)
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C HH𝜒PT form factors

𝐷(𝑠,𝑑)
3 =

𝑓𝐷𝑔𝐾∗𝑔𝐾∗𝐾𝛾

𝑓𝜋
(1 + 𝑔𝑚𝐷 − 𝑣 ⋅ 𝑝1

𝑣 ⋅ 𝑝1 + 𝛥
) 𝐵𝑊𝐾∗(𝑡)

− 2𝑓𝐾 (𝑚𝐷𝛼1 − 𝛼2𝑣 ⋅ 𝑝2)
√𝑚𝐷

𝑚2
𝜌

𝑔𝜌
𝑔𝜌±𝜋±𝛾𝐵𝑊𝜌+(𝑢)

(C.29)

𝐷𝑠 → 𝜋+𝜋0𝛾
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a) Contributions to the parity-even form factors
𝐴 and 𝐸. Additionally, for each of the diagrams
𝐴1,2, 𝐴1,3 and 𝐴2,3 there are additional diagrams
where the photon is coupled to the pseudoscalar
via a 𝜌0-mesons.
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b) Contributions to the parity-odd form factors 𝐵
and 𝐷.

Figure C.4: HH𝜒PTFeynman diagrams for the decay 𝐷𝑠 → 𝜋+𝜋0𝛾 within the SM.

𝐴(𝑠,𝑑)
1+2 = 𝑖

√
2𝑓𝐷𝑠

𝑣 ⋅ 𝑝2 − 𝑣 ⋅ 𝑝1 − 𝑣 ⋅ 𝑘
(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘)

(C.30)

𝐴(𝑠,𝑑)
6 = 𝑖2

√
2𝑓𝐷𝑠

𝑝1 ⋅ 𝑝2
𝑚𝐷𝑠

(𝑣 ⋅ 𝑘)
𝐵𝑊𝜌+(𝑠) (C.31)

𝐵(𝑠,𝑑)
1 =

𝑓𝐷𝑠

𝑣 ⋅ 𝑘 + 𝛥
[1 − 𝑚2

𝜌𝐵𝑊𝜌+(𝑠)] [2
√

2𝜆′ − 𝑔𝑣𝜆
2𝑔𝜙

3𝑚2
𝜙

] (C.32)

𝐵(𝑠,𝑑)
3 = −

√
2𝑓𝐷𝑠

𝑔𝜌

𝑓𝜋
(𝑔𝜌𝜋𝛾𝐵𝑊𝜌(𝑡) + 𝑔𝜌±𝜋±𝛾𝐵𝑊𝜌+(𝑢)) (C.33)

𝐵(𝑠,𝑑)
4 =

√
2𝑚2

𝐷𝑠
𝑓𝐷𝑠

𝑓𝜋𝑚2
𝜌

𝑔𝜌(𝑚2
𝐷𝑠

− 𝑚2
𝜋)

(𝑔𝜌𝜋𝛾𝐵𝑊𝜌(𝑡) + 𝑔𝜌±𝜋±𝛾𝐵𝑊𝜌+(𝑢)) (C.34)

𝐷𝑠 → 𝐾+𝐾0𝛾

𝐴(𝑠,𝑑)
1+2 = −𝑖𝑓𝐷𝑠

𝑣 ⋅ 𝑝2 − 𝑣 ⋅ 𝑝1 − 𝑣 ⋅ 𝑘
(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘)

(C.35)

𝐴(𝑠,𝑑)
6 = −𝑖2𝑓𝐷𝑠

𝑝1 ⋅ 𝑝2
𝑚𝐷𝑠

(𝑣 ⋅ 𝑘)
𝐵𝑊𝜌+(𝑠) (C.36)
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C.1 radiative three body decays
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a) Contributions to the parity-even form factors
𝐴 and 𝐸. Additionally, for each of the diagrams
𝐴1,2, 𝐴1,3, 𝐴2,3, 𝐸1,2 nd 𝐸2,3 there are addi-
tional diagrams where the photon is coupled to the
pseudoscalar via a 𝜌0-, 𝜔-, 𝜙-mesons.

K0

B
(s,d)
1,1

γ K+

B
(s,d)
1,2

K0

γ K+

B
(s,d)
1,3

K0

γ K+

B
(s,d)
1,4

K0

γ K+

B
(s,d)
3,2

K0

K+ γ

B
(s,d)
3,3

K0

γ

K+

B
(s,d)
4,1

K0

K+ γ

B
(s,d)
4,2

K+

K0 γ

D
(s,d)
1,1

K+

γ K0

D
(s,d)
1,2

γK+ K0

D
(s,d)
1,3

γ K+ K0

D
(s,d)
2,1

K+

γ K0

D
(s,d)
2,2

γK+ K0

D
(s,d)
2,3

γ K+ K0

D
(s,d)
3,1

K0

K+ γ

D
(s,d)
3,2

K+

K0 γ

D
(s,d)
3,3

K+

γ

K0

Ds D∗
s Ds D∗

s ρ+ Ds D∗
s

φ

Ds D∗
s ρ+

φ

Ds K∗0 Ds

K∗+

Ds π+ K∗0 Ds π+ K∗+

Ds D∗
s Ds D∗0 D0 Ds D∗

s D0

Ds D∗
s

φ

Ds D∗0 D0

ρ/ω

Ds D∗
s D0

φ

Ds D∗0 K∗0 Ds K∗+ Ds

K∗0

b) Contributions to the parity-odd form factors 𝐵
and 𝐷.

Figure C.5: HH𝜒PTFeynman diagrams for the decay 𝐷𝑠 → 𝐾+𝐾0𝛾 within the SM.

𝐸(𝑠,𝑑)
1 = −𝑖𝑓𝐷𝑠

𝑣 ⋅ 𝑝2
(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘)

(C.37)

𝐸(𝑠,𝑑)
2 = −𝑖√

𝑚𝐷
𝑚𝐷𝑠

𝑓𝐷𝑔
𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2) + (𝑣 ⋅ 𝑘)(𝑚𝐷𝑠

− 𝑣 ⋅ 𝑝2)
(𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝1 + 𝛥)(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘)

(C.38)

𝐸(𝑠,𝑑)
3 = −𝑖√

𝑚𝐷
𝑚𝐷𝑠

𝑓𝐷𝑔(𝑣 ⋅ 𝑘)
𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝1 + 𝛥

× ⎡
⎢
⎣

2𝜆′ + 1√
2𝑔𝑣𝜆 ( 𝑔𝜔

3𝑚2
𝜔

+ 𝑔𝜌
𝑚2

𝜌
)

𝑣 ⋅ 𝑝1 + 𝛥
−

2𝜆′ − 𝑔𝑣𝜆
√

2𝑔𝜙
3𝑚2

𝜙

𝑣 ⋅ 𝑘 + 𝛥
⎤
⎥
⎦

(C.39)

𝐵(𝑠,𝑑)
1 = −

𝑓𝐷𝑠

𝑣 ⋅ 𝑘 + 𝛥
[1 − 𝑚2

𝜌𝐵𝑊𝜌+(𝑠)] [2𝜆′ − 𝑔𝑣𝜆
√

2𝑔𝜙

3𝑚2
𝜙

] (C.40)

𝐵(𝑠,𝑑)
3 =

𝑓𝐷𝑠
𝑔𝐾∗

𝑓𝐾
(𝑔𝐾∗𝐾𝛾𝐵𝑊𝐾∗(𝑡) + 𝑔𝐾∗±𝐾±𝛾𝐵𝑊𝐾∗+(𝑢)) (C.41)

𝐵(𝑠,𝑑)
4 = −

𝑚2
𝐷𝑠

𝑓𝐷𝑠
𝑓𝜋

𝑚2
𝐷𝑠

− 𝑚2
𝜋

𝑚2
𝐾∗

𝑔𝐾∗
(𝑔𝐾∗±𝐾±𝛾𝐵𝑊𝐾∗+(𝑢) + 𝑔𝐾∗𝐾𝛾𝐵𝑊𝐾∗(𝑡)) (C.42)
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C HH𝜒PT form factors

𝐷(𝑠,𝑑)
1 = −2𝜆′ [

𝑓𝐷𝑠

𝑣 ⋅ 𝑘 + 𝛥
+

√𝑚𝐷𝑓𝐷𝑔(𝑣 ⋅ 𝑝2)
√𝑚𝐷𝑠

(𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝1)
( 1

𝑣 ⋅ 𝑘 + 𝛥
+ 1

𝑣 ⋅ 𝑝1 + 𝛥
)] (C.43)

𝐷(𝑠,𝑑)
2 = −𝑔𝑣𝜆 ⎡

⎢
⎣

−𝑓𝐷𝑠

√
2𝑔𝜙

3𝑚2
𝜙

𝑣 ⋅ 𝑘 + 𝛥
+

√𝑚𝐷𝑓𝐷𝑔(𝑣 ⋅ 𝑝2)
√𝑚𝐷𝑠

(𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝1)
⎛⎜⎜
⎝

−
√

2𝑔𝜙
3𝑚2

𝜙

𝑣 ⋅ 𝑘 + 𝛥
+

1√
2 ( 𝑔𝜔

3𝑚2
𝜔

+ 𝑔𝜌
𝑚2

𝜌
)

𝑣 ⋅ 𝑝1 + 𝛥
⎞⎟⎟
⎠

⎤
⎥
⎦

(C.44)

𝐷(𝑠,𝑑)
3 =

𝑔𝐾∗𝑔𝐾∗𝐾𝛾

𝑓𝐾
(𝑓𝐷𝑠

+ √
𝑚𝐷
𝑚𝐷𝑠

𝑓𝐷𝑔
𝑚𝐷𝑠

− 𝑣 ⋅ 𝑝1

𝑣 ⋅ 𝑝1 + 𝛥
) 𝐵𝑊𝐾∗(𝑡)

−
2𝑓𝐾 (𝑚𝐷𝑠

𝛼1 − 𝛼2𝑣 ⋅ 𝑝2)
√𝑚𝐷𝑠

𝑚2
𝐾∗

𝑔𝐾∗
𝑔𝐾∗±𝐾±𝛾𝐵𝑊𝐾∗+(𝑢)

(C.45)

C.1.2 Singly Cabibbo suppressed modes

𝐷0 → 𝜋+𝜋−𝛾

A
(d,d)
3,1

γ π− π+

A
(d,d)
3,2

γπ− π+

A
(d,d)
3,3

γ π− π+

A
(d,d)
3,4

γπ− π+

A
(d,d)
4,1

π+

γ

π−

A
(d,d)
1,1

π−

π+

γ

A
(d,d)
1,2

π−

π+

γ

A
(d,d)
1,3

π−

π+ γ

A
(d,d)
2,1

π− γ π+

A
(d,d)
2,2

π−

γ

π+

A
(d,d)
2,3

γ

π− π+

A
(d,d)
2,4

π+

π−

γ

A
(d,d)
2,5

π+

π−

γ

E
(d,d)
1,1

π+

π− γ

E
(d,d)
1,2

π−

π+

γ

E
(d,d)
1,3

π−

π+ γ

E
(d,d)
2,1

π+

π− γ

E
(d,d)
2,2

π−

π+

γ

E
(d,d)
2,3

π−

π+ γ

D0

D0

D0

D0 D∗+ D∗+ D0 D∗+ D0 D∗+ D0 D∗+

D0 D∗+

D0 D∗0 D∗+ D0 D∗+ D∗+ D0 D∗0 D∗+

ρ/ω

D0 D∗+ D∗+

ρ/ω

D0 D∗+

ρ−

D0

D0

D0

D0 ρ

D0 ρ
D0 ρ

a) Contributions to the parity-even form factors 𝐴
and 𝐸. For each of the diagrams 𝐴1,1, 𝐴1,2, 𝐴1,3,
𝐴2,2, 𝐴2,3, 𝐴2,4, 𝐸1,1, 𝐸1,2, 𝐸1,3, 𝐸2,1 and 𝐸2,3
there are additional diagrams where the photon is
coupled to the pseudoscalar via a 𝜌0-mesons.

B
(d,d)
1,1

π−

γ π+

B
(d,d)
1,2

γπ− π+

B
(d,d)
1,3

γ π− π+

B
(d,d)
2,1

π−

γ π+

B
(d,d)
2,2

γπ− π+

B
(d,d)
2,3

γ π− π+

B
(d,d)
3,1

π+

π− γ

B
(d,d)
3,2

π−

π+ γ

B
(d,d)
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π−

γ
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π+

D
(d,d)
1,1

γ π−

D
(d,d)
1,2

π+

γ π−

D
(d,d)
1,3

π+

γ π−

D
(d,d)
1,4

π+

γ π−

D
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2,1

π−

π+ γ

D
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2,2

π+

π− γ

D
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π−
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D
(d,d)
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D0 D∗0 D0 D∗+ D+ D0 D∗0 D+

D0 D∗0

ρ/ω

D0 D∗+ D+

ρ/ω

D0 D∗0 D+

ρ/ω

D0 D∗+ ρ+ D0 ρ− D0

ρ+

D0 D∗0 D0 D∗0 ρ D0 D∗0

ρ/ω

D0 D∗0 ρ

ρ/ω

D0 ρ− D0 ρ+

D0 π0 ρ− D0 π0 ρ+

b) Contributions to the parity-odd form factors 𝐵
and 𝐷.

Figure C.6: HH𝜒PTFeynman diagrams for the decay 𝐷0 → 𝜋+𝜋−𝛾 within the SM.
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C.1 radiative three body decays

𝐴(𝑑,𝑑)
1 = 𝑖𝑓𝐷

𝑝1 ⋅ 𝑘 − 𝑚𝐷(𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝1)
(𝑝1 ⋅ 𝑘)(𝑝2 ⋅ 𝑘)

(C.46)

𝐴(𝑑,𝑑)
2 = −𝑖𝑚𝐷𝑓𝐷

𝑔
(𝑝1 ⋅ 𝑘)(𝑝2 ⋅ 𝑘)

(𝑝2 ⋅ 𝑘(𝑚𝐷 − 𝑣 ⋅ 𝑝2)
𝑚𝐷(𝑣 ⋅ 𝑝2 + 𝛥)

+ 𝑝2 ⋅ 𝑘 [𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2)]
𝑚𝐷(𝑣 ⋅ 𝑝2 + 𝛥)(𝑣 ⋅ 𝑝2 + 𝑣 ⋅ 𝑘 + 𝛥)

+ (𝑚𝐷 − 𝑣 ⋅ 𝑝1)𝑝1 ⋅ 𝑘 + 𝑚𝐷𝑝1 ⋅ 𝑝2 + 𝑚𝐷(𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2)
𝑚𝐷(𝑣 ⋅ 𝑝2 + 𝑣 ⋅ 𝑘 + 𝛥)

)

(C.47)

𝐴(𝑑,𝑑)
3 = 𝑖𝑓𝐷𝑔 𝑣 ⋅ 𝑘

𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝2 + 𝛥

× ⎛⎜⎜
⎝

2𝜆′ + 1√
2𝜆𝑔𝑣 ( 𝑔𝜔

3𝑚2
𝜔

− 𝑔𝜌
𝑚2

𝜌
)

𝑣 ⋅ 𝑝2 + 𝛥
−

2𝜆′ + 1√
2𝜆𝑔𝑣 ( 𝑔𝜔

3𝑚2
𝜔

+ 𝑔𝜌
𝑚2

𝜌
)

𝑣 ⋅ 𝑘 + 𝛥
⎞⎟⎟
⎠

(C.48)

𝐵(𝑑,𝑑)
1 = 2𝑓𝐷𝜆′ ( 1

𝑣 ⋅ 𝑘 + 𝛥
+ 𝑔 𝑣 ⋅ 𝑝1

(𝑣 ⋅ 𝑝2 + 𝑣 ⋅ 𝑘)
[ 1

𝑣 ⋅ 𝑘 + 𝛥
+ 1

𝑣 ⋅ 𝑝2 + 𝛥
]) (C.49)

𝐵(𝑑,𝑑)
2 = 1√

2
𝜆𝑔𝑣𝑓𝐷 ( 𝑔𝜔

3𝑚2
𝜔

+
𝑔𝜌

𝑚2
𝜌

) 1
𝑣 ⋅ 𝑘 + 𝛥

(1 + 𝑔 𝑣 ⋅ 𝑝1
(𝑣 ⋅ 𝑝2 + 𝑣 ⋅ 𝑘)

)

+ 1√
2

𝑔𝜆𝑔𝑣𝑓𝐷 ( 𝑔𝜔
3𝑚2

𝜔
−

𝑔𝜌

𝑚2
𝜌

) 𝑣 ⋅ 𝑝1
(𝑣 ⋅ 𝑝2 + 𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝2 + 𝛥)

(C.50)

𝐵(𝑑,𝑑)
3 = 2

√𝑚𝐷
𝑓𝜋

𝑚2
𝜌

𝑔𝜌
𝑔𝜌±𝜋±𝛾(𝛼1𝑚𝐷 − 𝛼2𝑣 ⋅ 𝑝1)𝐵𝑊𝜌−(𝑡)

− 𝑔𝜌𝑔𝜌±𝜋±𝛾
𝑓𝐷
𝑓𝜋

(1 + 𝑔𝑚𝐷 − 𝑣 ⋅ 𝑝2
𝑣 ⋅ 𝑝2 + 𝛥

) 𝐵𝑊𝜌+(𝑢)
(C.51)

𝐷(𝑑,𝑑)
1 = 𝑓𝐷

1
𝑣 ⋅ 𝑘 + 𝛥

(1 − 𝑚2
𝜌𝐵𝑊𝜌(𝑠)) (2𝜆′ + 1√

2
𝜆𝑔𝑣 ( 𝑔𝜔

3𝑚2
𝜔

+
𝑔𝜌

𝑚2
𝜌

)) (C.52)

𝐷(𝑑,𝑑)
2 = −𝑓𝐷

𝑓𝜋
𝑔𝜌𝑔𝜌±𝜋±𝛾(𝐵𝑊𝜌−(𝑡) + 𝐵𝑊𝜌+(𝑢)) (C.53)

𝐷(𝑑,𝑑)
3 = 𝑓𝐷𝑓𝜋

𝑚2
𝐷

𝑚2
𝐷 − 𝑚2

𝜋0

𝑚2
𝜌

𝑔𝜌
𝑔𝜌±𝜋±𝛾 (𝐵𝑊𝜌+(𝑢) + 𝐵𝑊𝜌−(𝑡)) (C.54)

𝑎′ = − 𝑔2𝑓𝐷 (𝑝2 ⋅ 𝑘 − (𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝2))
𝑓2

𝜋(𝑣 ⋅ 𝑝2 + 𝛥)(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)

+ 𝛼1(𝑣 ⋅ 𝑘)
𝑓2

𝜋
√𝑚𝐷

[1 +
𝑓2

𝜋𝑚4
𝜌

𝑔2
𝜌

𝐵𝑊𝜌(𝑠)]

−
√

2𝜆𝑓𝐷𝑔𝑣
(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)

𝑚2
𝜌

𝑔𝜌
(𝑝2 ⋅ 𝑘 − (𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝2)) 𝐵𝑊𝜌(𝑠)

(C.55)
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C HH𝜒PT form factors

𝑏′ = 𝑔𝑓𝐷
𝑓2

𝜋(𝑣 ⋅ 𝑝2 + 𝛥)
[𝑣 ⋅ 𝑘 + 𝑔 (𝑝1 ⋅ 𝑘 − (𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝1))

(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)
]

− 𝛼1(𝑣 ⋅ 𝑘)
𝑓2

𝜋
√𝑚𝐷

[1 +
𝑓2

𝜋𝑚4
𝜌

𝑔2
𝜌

𝐵𝑊𝜌(𝑠)]

+
√

2𝜆𝑓𝐷𝑔𝑣
(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)

𝑚2
𝜌

𝑔𝜌
(𝑝1 ⋅ 𝑘 − (𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝1)) 𝐵𝑊𝜌(𝑠)

(C.56)

𝑐′ = 𝑔𝑓𝐷
𝑓2

𝜋𝑚𝐷(𝑣 ⋅ 𝑝2 + 𝛥)
[−𝑝2 ⋅ 𝑘 + 𝑔 ((𝑝2 ⋅ 𝑘)(𝑣 ⋅ 𝑝1) − (𝑝1 ⋅ 𝑘)(𝑣 ⋅ 𝑝2))

(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)
]

+ 𝛼1

𝑓2
𝜋𝑚

3
2
𝐷

(𝑝2 ⋅ 𝑘 − 𝑝1 ⋅ 𝑘) [1 +
𝑓2

𝜋𝑚4
𝜌

𝑔2
𝜌

𝐵𝑊𝜌(𝑠)]

−
√

2𝜆𝑓𝐷𝑔𝑣
𝑚𝐷(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)

𝑚2
𝜌

𝑔𝜌
((𝑝1 ⋅ 𝑘)(𝑣 ⋅ 𝑝2) − (𝑝2 ⋅ 𝑘)(𝑣 ⋅ 𝑝1)) 𝐵𝑊𝜌(𝑠)

(C.57)

ℎ′ = 𝑔𝑓𝐷
2𝑓2

𝜋𝑚𝐷(𝑣 ⋅ 𝑝2 + 𝛥)
[1 + 𝑔𝑣 ⋅ 𝑘

(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)
]

+ 𝛼1

𝑓2
𝜋𝑚

3
2
𝐷

[1 +
𝑓2

𝜋𝑚4
𝜌

𝑔2
𝜌

𝐵𝑊𝜌(𝑠)]

+ 𝜆𝑓𝐷𝑔𝑣 (𝑣 ⋅ 𝑘)√
2𝑚𝐷(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)

𝑚2
𝜌

𝑔𝜌
𝐵𝑊𝜌(𝑠)

(C.58)

𝐷0 → 𝜋0𝜋0𝛾

E
(d,d)
1,1

γ π0 π0

E
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γ π0 π0

E
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γ
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D
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3,1

π0
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Figure C.7: HH𝜒PTFeynman diagrams for the decay 𝐷0 → 𝜋0𝜋0𝛾 within the SM.
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C.1 radiative three body decays

𝐸(𝑑,𝑑)
1 = 𝑖𝑔𝑓𝐷

(𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝1 − 𝑣 ⋅ 𝑝2)
(𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝1 + 𝛥)(𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝2 + 𝛥)

(𝜆′ + 1
2
√

2
𝜆𝑔𝑣 ( 𝑔𝜔

3𝑚2
𝜔

+
𝑔𝜌

𝑚2
𝜌

))

⋅ ( 1
𝑣 ⋅ 𝑘 + 𝛥

− 𝑚𝐷 + 2𝛥
(𝑣 ⋅ 𝑝1 + 𝛥)(𝑣 ⋅ 𝑝2 + 𝛥)

) (C.59)

𝐷(𝑑,𝑑)
1 = −𝑓𝐷𝑔𝜆′ [ 𝑚𝐷(𝑣 ⋅ 𝑝1 − 𝑣 ⋅ 𝑝2)

(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝2 + 𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑘 + 𝛥)

+ 𝑣 ⋅ 𝑝1
(𝑣 ⋅ 𝑝2 + 𝛥)(𝑣 ⋅ 𝑝2 + 𝑣 ⋅ 𝑘)

− 𝑣 ⋅ 𝑝2
(𝑣 ⋅ 𝑝1 + 𝛥)(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑘)

]
(C.60)

𝐷(𝑑,𝑑)
2 = − 1

2
√

2
𝑓𝐷𝑔𝜆𝑔𝑣 ( 𝑔𝜔

3𝑚2
𝜔

+
𝑔𝜌

𝑚2
𝜌

) [ 𝑚𝐷(𝑣 ⋅ 𝑝1 − 𝑣 ⋅ 𝑝2)
(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝2 + 𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑘 + 𝛥)

+ 𝑣 ⋅ 𝑝1
(𝑣 ⋅ 𝑝2 + 𝛥)(𝑣 ⋅ 𝑝2 + 𝑣 ⋅ 𝑘)

− 𝑣 ⋅ 𝑝2
(𝑣 ⋅ 𝑝1 + 𝛥)(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑘)

]
(C.61)

𝐷(𝑑,𝑑)
3 = √ 1

𝑚𝐷
𝑓𝜋(𝛼1𝑚𝐷 − 𝛼2𝑣 ⋅ 𝑝2) (

𝑚2
𝜌𝑔𝜌𝜋𝛾

𝑔𝜌
𝐵𝑊𝜌(𝑢) +

𝑚2
𝜔𝑔𝜔𝜋𝛾

𝑔𝜔
𝐵𝑊𝜔(𝑢))

− √ 1
𝑚𝐷

𝑓𝜋(𝛼1𝑚𝐷 − 𝛼2𝑣 ⋅ 𝑝1) (
𝑚2

𝜌𝑔𝜌𝜋𝛾

𝑔𝜌
𝐵𝑊𝜌(𝑡) +

𝑚2
𝜔𝑔𝜔𝜋𝛾

𝑔𝜔
𝐵𝑊𝜔(𝑡))

+ 𝑓𝐷
2𝑓𝜋

(1 + 𝑔𝑚𝐷 − 𝑣 ⋅ 𝑝2
𝑣 ⋅ 𝑝2 + 𝛥

) (𝑔𝜌𝑔𝜌𝜋𝛾𝐵𝑊𝜌(𝑢) − 𝑔𝜔𝑔𝜔𝜋𝛾𝐵𝑊𝜔(𝑢))

− 𝑓𝐷
2𝑓𝜋

(1 + 𝑔𝑚𝐷 − 𝑣 ⋅ 𝑝1
𝑣 ⋅ 𝑝1 + 𝛥

) (𝑔𝜌𝑔𝜌𝜋𝛾𝐵𝑊𝜌(𝑡) − 𝑔𝜔𝑔𝜔𝜋𝛾𝐵𝑊𝜔(𝑡))

(C.62)

𝑎′ = 𝑔𝑓𝐷
2𝑓2

𝜋(𝑣 ⋅ 𝑝1 + 𝛥)
[𝑣 ⋅ 𝑘 − 𝑔(𝑣 ⋅ 𝑝1 − 𝑣 ⋅ 𝑝2) (𝑝2 ⋅ 𝑘 − (𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝2))

(𝑣 ⋅ 𝑝2 + 𝛥)(𝑣 ⋅ 𝑝2 + 𝑣 ⋅ 𝑝1 + 𝛥)
] (C.63)

𝑏′ = 𝑔𝑓𝐷
2𝑓2

𝜋(𝑣 ⋅ 𝑝2 + 𝛥)
[𝑣 ⋅ 𝑘 + 𝑔(𝑣 ⋅ 𝑝1 − 𝑣 ⋅ 𝑝2) (𝑝1 ⋅ 𝑘 − (𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝1))

(𝑣 ⋅ 𝑝1 + 𝛥)(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)
] (C.64)

𝑐′ = − 𝑔𝑓𝐷
2𝑓2

𝜋𝑚𝐷
[ 𝑝2 ⋅ 𝑘

𝑣 ⋅ 𝑝2 + 𝛥
+ 𝑝1 ⋅ 𝑘

𝑣 ⋅ 𝑝1 + 𝛥
]

+ 𝑔2𝑓𝐷
2𝑓2

𝜋𝑚𝐷

(𝑣 ⋅ 𝑝1 − 𝑣 ⋅ 𝑝2) ((𝑝2 ⋅ 𝑘)(𝑣 ⋅ 𝑝1) − (𝑝1 ⋅ 𝑘)(𝑣 ⋅ 𝑝2))
(𝑣 ⋅ 𝑝1 + 𝛥)(𝑣 ⋅ 𝑝2 + 𝛥)(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)

(C.65)

ℎ′ = 𝑔2𝑓𝐷
4𝑓2

𝜋𝑚𝐷

(𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝1 − 𝑣 ⋅ 𝑝2)
(𝑣 ⋅ 𝑝1 + 𝛥)(𝑣 ⋅ 𝑝2 + 𝛥)(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)

(C.66)
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C HH𝜒PT form factors

𝐷0 → 𝐾+𝐾−𝛾
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D0

D0

D0
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a) Contributions to the parity-even form factors
𝐴 and 𝐸. For each of the diagrams 𝐴1,1, 𝐴1,2,
𝐴1,3, 𝐴2,2, 𝐴2,3, 𝐴2,4, 𝐸1,1, 𝐸1,2, 𝐸1,3, 𝐸2,1
and 𝐸2,3 there are additional diagrams where the
photon is coupled to the pseudoscalar via a 𝜌0-, 𝜔-,
𝜙-mesons.
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b) Contributions to the parity-odd form factors 𝐵
and 𝐷.

Figure C.8: HH𝜒PTFeynman diagrams for the decay 𝐷0 → 𝐾+𝐾−𝛾 within the SM.

𝐴(𝑠,𝑠)
1 = 𝑖𝑓𝐷

𝑝1 ⋅ 𝑘 − 𝑚𝐷(𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝1)
(𝑝1 ⋅ 𝑘)(𝑝2 ⋅ 𝑘)

(C.67)

𝐴(𝑠,𝑠)
2 = −𝑖√𝑚𝐷𝑚𝐷𝑠

𝑓𝐷𝑠

𝑔
(𝑝1 ⋅ 𝑘)(𝑝2 ⋅ 𝑘)

(𝑝2 ⋅ 𝑘(𝑚𝐷 − 𝑣 ⋅ 𝑝2)
𝑚𝐷(𝑣 ⋅ 𝑝2 + 𝛥)

+ 𝑝2 ⋅ 𝑘 [𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2)]
𝑚𝐷(𝑣 ⋅ 𝑝2 + 𝛥)(𝑣 ⋅ 𝑝2 + 𝑣 ⋅ 𝑘 + 𝛥)

+ (𝑚𝐷 − 𝑣 ⋅ 𝑝1)𝑝1 ⋅ 𝑘 + 𝑚𝐷𝑝1 ⋅ 𝑝2 + 𝑚𝐷(𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2)
𝑚𝐷(𝑣 ⋅ 𝑝2 + 𝑣 ⋅ 𝑘 + 𝛥)

)

(C.68)

𝐴(𝑠,𝑠)
3 = 𝑖√

𝑚𝐷𝑠

𝑚𝐷
𝑓𝐷𝑠

𝑔 𝑣 ⋅ 𝑘
𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝2 + 𝛥

⎛⎜⎜
⎝

2𝜆′ −
√

2
3 𝜆𝑔𝑣

𝑔𝜙
𝑚2

𝜙

𝑣 ⋅ 𝑝2 + 𝛥
−

2𝜆′ + 1√
2𝜆𝑔𝑣 ( 𝑔𝜔

3𝑚2
𝜔

+ 𝑔𝜌
𝑚2

𝜌
)

𝑣 ⋅ 𝑘 + 𝛥
⎞⎟⎟
⎠

(C.69)

𝐵(𝑠,𝑠)
1 = 2𝑓𝐷𝜆′ ( 1

𝑣 ⋅ 𝑘 + 𝛥
+ 𝑔

𝑓𝐷𝑠

𝑓𝐷
√

𝑚𝐷𝑠

𝑚𝐷

𝑣 ⋅ 𝑝1
(𝑣 ⋅ 𝑝2 + 𝑣 ⋅ 𝑘)

[ 1
𝑣 ⋅ 𝑘 + 𝛥

+ 1
𝑣 ⋅ 𝑝2 + 𝛥

])

(C.70)
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C.1 radiative three body decays

𝐵(𝑠,𝑠)
2 = 1√

2
𝜆𝑔𝑣 ( 𝑔𝜔

3𝑚2
𝜔

+
𝑔𝜌

𝑚2
𝜌

) 1
𝑣 ⋅ 𝑘 + 𝛥

(𝑓𝐷 + 𝑔𝑓𝐷𝑠
√

𝑚𝐷𝑠

𝑚𝐷

𝑣 ⋅ 𝑝1
(𝑣 ⋅ 𝑝2 + 𝑣 ⋅ 𝑘)

)

− 𝑔𝜆𝑔𝑣√
𝑚𝐷𝑠

𝑚𝐷
𝑓𝐷𝑠

√
2𝑔𝜙

3𝑚2
𝜙

𝑣 ⋅ 𝑝1
(𝑣 ⋅ 𝑝2 + 𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝2 + 𝛥)

(C.71)

𝐵(𝑠,𝑠)
3 = 2

√𝑚𝐷
𝑓𝐾

𝑚2
𝐾∗

𝑔𝐾∗
𝑔𝐾∗±𝐾±𝛾(𝛼1𝑚𝐷 − 𝛼2𝑣 ⋅ 𝑝1)𝐵𝑊𝐾∗−(𝑡)

− 𝑔𝐾∗𝑔𝐾∗±𝐾±𝛾
𝑓𝐷
𝑓𝐾

(1 + 𝑔√
𝑚𝐷𝑠

𝑚𝐷

𝑓𝐷𝑠

𝑓𝐷

𝑚𝐷 − 𝑣 ⋅ 𝑝2
𝑣 ⋅ 𝑝2 + 𝛥

) 𝐵𝑊𝐾∗+(𝑢)
(C.72)

𝐷(𝑠,𝑠)
1 = 𝑓𝐷

1
𝑣 ⋅ 𝑘 + 𝛥

(1 − 𝑚2
𝜙𝐵𝑊𝜙(𝑠)) (2𝜆′ + 1√

2
𝜆𝑔𝑣 ( 𝑔𝜔

3𝑚2
𝜔

+
𝑔𝜌

𝑚2
𝜌

)) (C.73)

𝐷(𝑑,𝑑)
1 = 𝑓𝐷

1
𝑣 ⋅ 𝑘 + 𝛥

(𝑚2
𝜔𝐵𝑊𝜔(𝑠) − 𝑚2

𝜌𝐵𝑊𝜌(𝑠))

× (𝜆′ + 1
2
√

2
𝜆𝑔𝑣 ( 𝑔𝜔

3𝑚2
𝜔

+
𝑔𝜌

𝑚2
𝜌

))
(C.74)

𝐷(𝑠,𝑠)
2 = −𝑓𝐷

𝑓𝐾
𝑔𝐾∗𝑔𝐾∗±𝐾±𝛾 (𝐵𝑊𝐾∗+(𝑢) + 𝐵𝑊𝐾∗−(𝑡)) (C.75)

𝐷(𝑠,𝑠)
3 =

𝑓𝐷𝑓𝜂8

2
𝑚2

𝐷
𝑚2

𝐷 − 𝑚2
𝜂8

𝑚2
𝐾∗

𝑔𝐾∗
𝑔𝐾∗±𝐾±𝛾 (𝐵𝑊𝐾∗+(𝑢) + 𝐵𝑊𝐾∗−(𝑡)) (C.76)

𝐷(𝑑,𝑑)
3 = −𝑓𝐷

2
𝑚2

𝐷 (
𝑓𝜂8

𝑚2
𝐷 − 𝑚2

𝜂8

+ 𝑓𝜋
𝑚2

𝐷 − 𝑚2
𝜋

)

× 𝑚2
𝐾∗

𝑔𝐾∗
𝑔𝐾∗±𝐾±𝛾 (𝐵𝑊𝐾∗+(𝑢) + 𝐵𝑊𝐾∗−(𝑡))

(C.77)

𝑎′ = − 𝑔2𝑓𝐷 (𝑝2 ⋅ 𝑘 − (𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝2))
𝑓2

𝐾(𝑣 ⋅ 𝑝2 + 𝛥)(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)

+ 𝛼1(𝑣 ⋅ 𝑘)
𝑓2

𝐾
√𝑚𝐷

[1 + 𝑓2
𝐾
2

(
𝑚4

𝜌

𝑔2
𝜌

𝐵𝑊𝜌(𝑠) + 𝑚4
𝜔

𝑔2
𝜔

𝐵𝑊𝜔(𝑠))] (C.78)

− 𝜆𝑓𝐷𝑔𝑣 (𝑝2 ⋅ 𝑘 − (𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝2))√
2(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)

(
𝑚2

𝜌

𝑔𝜌
𝐵𝑊𝜌(𝑠) + 𝑚2

𝜔
𝑔𝜔

𝐵𝑊𝜔(𝑠))

𝑏′ = 𝑔𝑓𝐷
𝑓2

𝐾(𝑣 ⋅ 𝑝2 + 𝛥)
[

𝑓𝐷𝑠

√𝑚𝐷𝑠

𝑓𝐷
√𝑚𝐷

𝑣 ⋅ 𝑘 + 𝑔 (𝑝1 ⋅ 𝑘 − (𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝1))
(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)

]

− 𝛼1(𝑣 ⋅ 𝑘)
𝑓2

𝐾
√𝑚𝐷

[1 + 𝑓2
𝐾
2

(
𝑚4

𝜌

𝑔2
𝜌

𝐵𝑊𝜌(𝑠) + 𝑚4
𝜔

𝑔2
𝜔

𝐵𝑊𝜔(𝑠))] (C.79)

+ 𝜆𝑓𝐷𝑔𝑣 (𝑝1 ⋅ 𝑘 − (𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝1))√
2(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)

(
𝑚2

𝜌

𝑔𝜌
𝐵𝑊𝜌(𝑠) + 𝑚2

𝜔
𝑔𝜔

𝐵𝑊𝜔(𝑠))
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C HH𝜒PT form factors

𝑐′ = 𝑔𝑓𝐷
𝑓2

𝐾𝑚𝐷(𝑣 ⋅ 𝑝2 + 𝛥)
[−

𝑓𝐷𝑠

√𝑚𝐷𝑠

𝑓𝐷
√𝑚𝐷

𝑝2 ⋅ 𝑘 + 𝑔 ((𝑝2 ⋅ 𝑘)(𝑣 ⋅ 𝑝1) − (𝑝1 ⋅ 𝑘)(𝑣 ⋅ 𝑝2))
(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)

]

+ 𝛼1

𝑓2
𝐾𝑚

3
2
𝐷

(𝑝2 ⋅ 𝑘 − 𝑝1 ⋅ 𝑘) [1 + 𝑓2
𝐾
2

(
𝑚4

𝜌

𝑔2
𝜌

𝐵𝑊𝜌(𝑠) + 𝑚4
𝜔

𝑔2
𝜔

𝐵𝑊𝜔(𝑠))]

− 𝜆𝑓𝐷𝑔𝑣 ((𝑝1 ⋅ 𝑘)(𝑣 ⋅ 𝑝2) − (𝑝2 ⋅ 𝑘)(𝑣 ⋅ 𝑝1))√
2𝑚𝐷(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)

(
𝑚2

𝜌

𝑔𝜌
𝐵𝑊𝜌(𝑠) + 𝑚2

𝜔
𝑔𝜔

𝐵𝑊𝜔(𝑠))

(C.80)

ℎ′ = 𝑔𝑓𝐷
2𝑓2

𝐾𝑚𝐷(𝑣 ⋅ 𝑝2 + 𝛥)
[

𝑓𝐷𝑠

√𝑚𝐷𝑠

𝑓𝐷
√𝑚𝐷

+ 𝑔𝑣 ⋅ 𝑘
(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)

]

+ 𝛼1

𝑓2
𝐾𝑚

3
2
𝐷

[1 + 𝑓2
𝐾
2

(
𝑚4

𝜌

𝑔2
𝜌

𝐵𝑊𝜌(𝑠) + 𝑚4
𝜔

𝑔2
𝜔

𝐵𝑊𝜔(𝑠))]

+ 𝜆𝑓𝐷𝑔𝑣 (𝑣 ⋅ 𝑘)
2
√

2𝑚𝐷(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)
(

𝑚2
𝜌

𝑔𝜌
𝐵𝑊𝜌(𝑠) + 𝑚2

𝜔
𝑔𝜔

𝐵𝑊𝜔(𝑠))

(C.81)

𝐷0 → 𝐾0𝐾0𝛾

K0

D
(d,d),(s,s)
4,1

γ K0

D
(d,d),(s,s)
4,2

K0

γ K0

D
(d,d),(s,s)
4,3

K0

γ K0

D
(d,d),(s,s)
4,4

K0

γ K0

D
(d,d),(s,s)
5,1

K0

K0 γ

D
(d,d),(s,s)
5,2

K0

K0 γ

D
(d,d),(s,s)
6,1

K0

K0 γ

D
(d,d),(s,s)
6,2

K0

K0 γ

D0 D∗0 D0 D∗0 ρ/ω/Φ D0 D∗0

ρ/ω

D0 D∗0 ρ/ω/Φ

ρ/ω

D0 K∗0 D0 K∗0

D0 π0/η8 K∗0 D0 π0/η8 K∗0

Figure C.9: HH𝜒PTFeynman diagrams for the decay 𝐷0 → 𝐾0𝐾0𝛾 within the SM.
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C.1 radiative three body decays

𝐷(𝑑,𝑑)
4 = −𝑓𝐷

1
𝑣 ⋅ 𝑘 + 𝛥

(1 +
𝑚2

𝜌

2
𝐵𝑊𝜌(𝑠) + 𝑚2

𝜔
2

𝐵𝑊𝜔(𝑠))

× (2𝜆′ + 1√
2

𝜆𝑔𝑣 ( 𝑔𝜔
3𝑚2

𝜔
+

𝑔𝜌

𝑚2
𝜌

))
(C.82)

𝐷(𝑠,𝑠)
4 = 𝑓𝐷

1
𝑣 ⋅ 𝑘 + 𝛥

(1 + 𝑚2
𝜙𝐵𝑊𝜙(𝑠)) (2𝜆′ + 1√

2
𝜆𝑔𝑣 ( 𝑔𝜔

3𝑚2
𝜔

+
𝑔𝜌

𝑚2
𝜌

)) (C.83)

𝐷(𝑑,𝑑)
5 = 𝑓𝐷

𝑓𝐾
𝑔𝐾∗𝑔𝐾∗𝐾𝛾 (𝐵𝑊𝐾∗(𝑢) + 𝐵𝑊𝐾∗(𝑡)) (C.84)

𝐷(𝑠,𝑠)
5 = −𝑓𝐷

𝑓𝐾
𝑔𝐾∗𝑔𝐾∗𝐾𝛾 (𝐵𝑊𝐾∗(𝑢) + 𝐵𝑊𝐾∗(𝑡)) (C.85)

𝐷(𝑑,𝑑)
6 = −𝑓𝐷𝑚2

𝐷
2

( 𝑓𝜋
𝑚2

𝐷 − 𝑚2
𝜋

+
𝑓𝜂8

𝑚2
𝐷 − 𝑚2

𝜂8

)

× 𝑚2
𝐾∗

𝑔𝐾∗
𝑔𝐾∗𝐾𝛾 (𝐵𝑊𝐾∗(𝑢) + 𝐵𝑊𝐾∗(𝑡))

(C.86)

𝐷(𝑠,𝑠)
6 = 𝑓𝐷𝑚2

𝐷
2

𝑓𝜂8

𝑚2
𝐷 − 𝑚2

𝜂8

𝑚2
𝐾∗

𝑔𝐾∗
𝑔𝐾∗𝐾𝛾 (𝐵𝑊𝐾∗(𝑢) + 𝐵𝑊𝐾∗(𝑡)) (C.87)

𝑎′ = (−𝛼1(𝑣 ⋅ 𝑘)
2√𝑚𝐷

+ 𝜆𝑓𝐷𝑔𝑣 (𝑝2 ⋅ 𝑘 − (𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝2))√
2(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)

)

× (
𝑚2

𝜌

𝑔𝜌
𝐵𝑊𝜌(𝑠) − 𝑚2

𝜔
𝑔𝜔

𝐵𝑊𝜔(𝑠))
(C.88)

𝑏′ = (𝛼1(𝑣 ⋅ 𝑘)
2√𝑚𝐷

− 𝜆𝑓𝐷𝑔𝑣 (𝑝1 ⋅ 𝑘 − (𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝1))√
2(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)

)

× (
𝑚2

𝜌

𝑔𝜌
𝐵𝑊𝜌(𝑠) − 𝑚2

𝜔
𝑔𝜔

𝐵𝑊𝜔(𝑠))
(C.89)

𝑐′ = ( 𝛼1

2𝑚
3
2
𝐷

(𝑝1 ⋅ 𝑘 − 𝑝2 ⋅ 𝑘) + 𝜆𝑓𝐷𝑔𝑣 ((𝑝1 ⋅ 𝑘)(𝑣 ⋅ 𝑝2) − (𝑝2 ⋅ 𝑘)(𝑣 ⋅ 𝑝1))√
2𝑚𝐷(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)

)

× (
𝑚2

𝜌

𝑔𝜌
𝐵𝑊𝜌(𝑠) − 𝑚2

𝜔
𝑔𝜔

𝐵𝑊𝜔(𝑠))

(C.90)

ℎ′ = (− 𝛼1

2𝑚
3
2
𝐷

− 𝜆𝑓𝐷𝑔𝑣 (𝑣 ⋅ 𝑘)
2
√

2𝑚𝐷(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)
)

× (
𝑚2

𝜌

𝑔𝜌
𝐵𝑊𝜌(𝑠) − 𝑚2

𝜔
𝑔𝜔

𝐵𝑊𝜔(𝑠))

(C.91)
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C HH𝜒PT form factors

𝐷+ → 𝜋+𝜋0𝛾

A
(d,d)
4,1

γ π0 π+

A
(d,d)
4,2

γπ0 π+

A
(d,d)
4,3

γ π0 π+

A
(d,d)
4,4

γπ0 π+

A
(d,d)
5,1

π+

γ

π0

A
(d,d)
6,1

π+

π0γ

A
(d,d)
1,1

π0

γ π+

A
(d,d)
1,2

π+

γ

π0

A
(d,d)
1,3

π0

π+

γ

A
(d,d)
2,1

π0

γ π+

A
(d,d)
2,2

π+

γ

π0

A
(d,d)
2,3

π0

π+

γ

A
(d,d)
3,1

γ π0 π+

A
(d,d)
3,2

π0 γ π+

A
(d,d)
3,3

π0

γ

π+

A
(d,d)
3,4

γ

π0 π+

E
(d,d)
1,1

π+

γ π0

E
(d,d)
1,2

π+

π0 γ

E
(d,d)
2,1

γ π+ π0

E
(d,d)
2,2

π0

γ

π+

E
(d,d)
2,3

π0

π+

γ

E
(d,d)
3,1

γ π+ π0

E
(d,d)
3,2

γπ+ π0

E
(d,d)
3,3

γ π+ π0

E
(d,d)
3,4

γπ+ π0

E
(d,d)
4,1

π0

γ

π+

D+ D+

D+

D+

D+ D+ ρ+

D+ ρ+
D+ ρ+

D+ D+ D∗+ D+ D∗+ D∗+ D+ D∗+ D+ D∗+

D+ D∗+ D∗+ D+ D∗+ D∗+ D+ D∗+ D∗+

ρ/ω

D+ D∗+ D∗+

ρ/ω

D+ D∗+

ρ/ω

D+ ρ+ ρ+

ρ

D+ D+ D+

D+ D+ D∗0

D+ D∗0
D+ D∗0

D+ D∗+ D∗0 D+ D∗0 D∗0 D+ D∗+ D∗0

ρ/ω

D+ D∗0 D∗0

ρ/ω

D+ D∗0

ρ+

a) Contributions to the parity-even form factors
𝐴 and 𝐸. Note that the diagrams 𝐴1 have two
different factorizations. Additionally, for each of
the diagrams 𝐴1,2, 𝐴1,3, 𝐴2,3, 𝐴3,3, 𝐴3,4, 𝐸1,2
nd 𝐸2,3 there are additional diagrams where the
photon is coupled to the pseudoscalar via a 𝜌0-
mesons.

π0

B
(d,d)
1,1

γ π+

B
(d,d)
1,2

π0

γ π+

B
(d,d)
1,3

π0

γ π+

B
(d,d)
1,4

π0

γ π+

B
(d,d)
2,1

γπ0 π+

B
(d,d)
2,2

γ π0 π+

B
(d,d)
2,3

γπ0 π+

B
(d,d)
2,4

γ π0 π+

B
(d,d)
3,1

π+

π0 γ

B
(d,d)
3,2

π0

π+ γ

B
(d,d)
3,3

π0

γ

π+

B
(d,d)
4,1

π0

π+ γ

B
(d,d)
4,2

π+

π0 γ

D
(d,d)
1,1

π+

γ π0

D
(d,d)
1,2

γπ+ π0

D
(d,d)
1,3

γ π+ π0

D
(d,d)
2,1

π+

γ π0

D
(d,d)
2,2

γπ+ π0

D
(d,d)
2,3

γ π+ π0

D
(d,d)
3,1

π0

π+ γ

D
(d,d)
3,2

π+

π0 γ

D
(d,d)
3,3

π+

γ

π0

D+ D∗+ D+ D∗+ ρ+ D+ D∗+

ρ/ω

D+ D∗+ ρ+

ρ/ω

D+ D∗+ D+ D+ D∗+ D+ D+ D∗+ D+

ρ/ω

D+ D∗+ D+

ρ/ω

D+ D∗+ ρ+ D+ ρ/ω D+

ρ+

D+ π+ ρ D+ π+ ρ+

D+ D∗+ D+ D∗0 D0 D+ D∗+ D0

D+ D∗+

ρ/ω

D+ D∗0 D0

ρ/ω

D+ D∗+ D0

ρ/ω

D+ D∗0 ρ/ω D+ ρ+ D+

ρ/ω

b) Contributions to the parity-odd form factors 𝐵
and 𝐷. Note that the diagrams 𝐵1,1/3 and 𝐵3,2/3
have two different factorizations.

Figure C.10: HH𝜒PTFeynman diagrams for the decay 𝐷+ → 𝜋+𝜋0𝛾 within the SM.

𝐴(𝑑,𝑑)
1+2 = 𝑖

√
2𝑓𝐷

𝑣 ⋅ 𝑝2 − 𝑣 ⋅ 𝑝1 − 𝑣 ⋅ 𝑘
(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘)

+ 𝑖 𝑓𝐷√
2

𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑘
(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘)

(C.92)

𝐴(𝑑,𝑑)
3 = 𝑖𝑓𝐷𝑔√

2
𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2) + (𝑣 ⋅ 𝑘)(𝑚𝐷 − 𝑣 ⋅ 𝑝2)

(𝑣 ⋅ 𝑝2 + 𝛥)(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘)
(C.93)

𝐴(𝑑,𝑑)
4 = 𝑖 𝑓𝐷𝑔(𝑣 ⋅ 𝑘)

𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝2 + 𝛥
⎡
⎢
⎣

√
2𝜆′ + 1

2𝑔𝑣𝜆 ( 𝑔𝜔
3𝑚2

𝜔
− 𝑔𝜌

𝑚2
𝜌
)

𝑣 ⋅ 𝑘 + 𝛥
−

√
2𝜆′ + 1

2𝑔𝑣𝜆 ( 𝑔𝜔
3𝑚2

𝜔
− 𝑔𝜌

𝑚2
𝜌
)

𝑣 ⋅ 𝑝2 + 𝛥
⎤
⎥
⎦

(C.94)

𝐴(𝑑,𝑑)
6 = 𝑖2

√
2𝑓𝐷

𝑝1 ⋅ 𝑝2
𝑚𝐷(𝑣 ⋅ 𝑘)

𝐵𝑊𝜌+(𝑠) (C.95)
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C.1 radiative three body decays

𝐸(𝑑,𝑑)
1 = 𝑖 𝑓𝐷√

2
𝑣 ⋅ 𝑝2

(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘)
(C.96)

𝐸(𝑑,𝑑)
2 = 𝑖𝑓𝐷𝑔√

2
𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2) + (𝑣 ⋅ 𝑘)(𝑚𝐷 − 𝑣 ⋅ 𝑝2)

(𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝1 + 𝛥)(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘)
(C.97)

𝐸(𝑑,𝑑)
3 = 𝑖 𝑓𝐷𝑔(𝑣 ⋅ 𝑘)

𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝1 + 𝛥
⎡
⎢
⎣

√
2𝜆′ + 1

2𝑔𝑣𝜆 ( 𝑔𝜔
3𝑚2

𝜔
+ 𝑔𝜌

𝑚2
𝜌
)

𝑣 ⋅ 𝑝1 + 𝛥
−

√
2𝜆′ + 1

2𝑔𝑣𝜆 ( 𝑔𝜔
3𝑚2

𝜔
− 𝑔𝜌

𝑚2
𝜌
)

𝑣 ⋅ 𝑘 + 𝛥
⎤
⎥
⎦

(C.98)

𝐵(𝑑,𝑑)
1 = 𝑓𝐷

𝑣 ⋅ 𝑘 + 𝛥
[1

2
− 𝑚2

𝜌𝐵𝑊𝜌+(𝑠)] [2
√

2𝜆′ + 𝑔𝑣𝜆 ( 𝑔𝜔
3𝑚2

𝜔
−

𝑔𝜌

𝑚2
𝜌

)] (C.99)

𝐵(𝑑,𝑑)
2 = − 𝑓𝐷𝑔(𝑣 ⋅ 𝑝1)

𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝2

⎡
⎢
⎣

√
2𝜆′ + 1

2𝑔𝑣𝜆 ( 𝑔𝜔
3𝑚2

𝜔
− 𝑔𝜌

𝑚2
𝜌
)

𝑣 ⋅ 𝑝2 + 𝛥
+

√
2𝜆′ + 1

2𝑔𝑣𝜆 ( 𝑔𝜔
3𝑚2

𝜔
− 𝑔𝜌

𝑚2
𝜌
)

𝑣 ⋅ 𝑘 + 𝛥
⎤
⎥
⎦
(C.100)

𝐵(𝑑,𝑑)
3 =

𝑓𝐷𝑔𝜌𝑔𝜌±𝜋±𝛾√
2𝑓𝜋

(1 + 𝑔𝑚𝐷 − 𝑣 ⋅ 𝑝2
𝑣 ⋅ 𝑝2 + 𝛥

) 𝐵𝑊𝜌+(𝑢)

+
√

2𝑓𝜋(𝑚𝐷𝛼1 − 𝛼2𝑣 ⋅ 𝑝1)
√𝑚𝐷

(𝑚2
𝜔

𝑔𝜔
𝑔𝜔𝜋𝛾𝐵𝑊𝜔(𝑡) −

𝑚2
𝜌

𝑔𝜌
𝑔𝜌𝜋𝛾𝐵𝑊𝜌(𝑡))

−
√

2𝑓𝐷𝑔𝜌

𝑓𝜋
(𝑔𝜌𝜋𝛾𝐵𝑊𝜌(𝑡) + 𝑔𝜌±𝜋±𝛾𝐵𝑊𝜌+(𝑢)) (C.101)

𝐵(𝑑,𝑑)
4 =

√
2𝑚2

𝐷𝑓𝐷𝑓𝜋𝑚2
𝜌

𝑔𝜌(𝑚2
𝐷 − 𝑚2

𝜋)
(𝑔𝜌𝜋𝛾𝐵𝑊𝜌(𝑡) + 𝑔𝜌±𝜋±𝛾𝐵𝑊𝜌+(𝑢)) (C.102)

𝐷(𝑑,𝑑)
1 =

√
2𝑓𝐷𝜆′ [ 1

𝑣 ⋅ 𝑘 + 𝛥
+ 𝑔(𝑣 ⋅ 𝑝2)

𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝1
( 1

𝑣 ⋅ 𝑘 + 𝛥
+ 1

𝑣 ⋅ 𝑝1 + 𝛥
)] (C.103)

𝐷(𝑑,𝑑)
2 = 𝑓𝐷𝑔𝑣𝜆

2
⎡⎢
⎣

𝑔𝜔
3𝑚2

𝜔
− 𝑔𝜌

𝑚2
𝜌

𝑣 ⋅ 𝑘 + 𝛥
+ 𝑔(𝑣 ⋅ 𝑝2)

𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝1
⎛⎜
⎝

𝑔𝜔
3𝑚2

𝜔
− 𝑔𝜌

𝑚2
𝜌

𝑣 ⋅ 𝑘 + 𝛥
+

𝑔𝜔
3𝑚2

𝜔
+ 𝑔𝜌

𝑚2
𝜌

𝑣 ⋅ 𝑝1 + 𝛥
⎞⎟
⎠

⎤⎥
⎦

(C.104)

𝐷(𝑑,𝑑)
3 = 𝑓𝐷√

2𝑓𝜋
(1 + 𝑔𝑚𝐷 − 𝑣 ⋅ 𝑝1

𝑣 ⋅ 𝑝1 + 𝛥
) (𝑔𝜔𝑔𝜔𝜋𝛾𝐵𝑊𝜔(𝑡) − 𝑔𝜌𝑔𝜌𝜋𝛾𝐵𝑊𝜌(𝑡))

+
√

2𝑓𝜋 (𝑚𝐷𝛼1 − 𝛼2𝑣 ⋅ 𝑝2)
√𝑚𝐷

𝑚2
𝜌

𝑔𝜌
𝑔𝜌±𝜋±𝛾𝐵𝑊𝜌+(𝑢) (C.105)

𝑎′ = 𝑓𝐷𝑔(𝑣 ⋅ 𝑘)√
2𝑓2

𝜋(𝑣 ⋅ 𝑝1 + 𝛥)
+ 𝑓𝐷𝑔2 (𝑝2 ⋅ 𝑘 − (𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝2))√

2𝑓2
𝜋(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)

[ 1
𝑣 ⋅ 𝑝1 + 𝛥

+ 1
𝑣 ⋅ 𝑝2 + 𝛥

]

−
√

2𝛼1(𝑣 ⋅ 𝑘)
𝑓2

𝜋
√𝑚𝐷

(1 +
𝑓2

𝜋𝑚4
𝜌

𝑔2
𝜌

𝐵𝑊𝜌+(𝑠)) (C.106)

+
2𝑓𝐷𝜆𝑔𝑣𝑚2

𝜌 (𝑝2 ⋅ 𝑘 − (𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝2))
𝑔𝜌(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)

𝐵𝑊𝜌+(𝑠)
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C HH𝜒PT form factors

𝑏′ = − 𝑓𝐷𝑔(𝑣 ⋅ 𝑘)√
2𝑓2

𝜋(𝑣 ⋅ 𝑝2 + 𝛥)
− 𝑓𝐷𝑔2 (𝑝1 ⋅ 𝑘 − (𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝1))√

2𝑓2
𝜋(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)

[ 1
𝑣 ⋅ 𝑝1 + 𝛥

+ 1
𝑣 ⋅ 𝑝2 + 𝛥

]

+
√

2𝛼1(𝑣 ⋅ 𝑘)
𝑓2

𝜋
√𝑚𝐷

(1 +
𝑓2

𝜋𝑚4
𝜌

𝑔2
𝜌

𝐵𝑊𝜌+(𝑠)) (C.107)

−
2𝑓𝐷𝜆𝑔𝑣𝑚2

𝜌 (𝑝1 ⋅ 𝑘 − (𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝1))
𝑔𝜌(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)

𝐵𝑊𝜌+(𝑠)

𝑐′ = 𝑓𝐷𝑔√
2𝑚𝐷𝑓2

𝜋
( 𝑝2 ⋅ 𝑘

𝑣 ⋅ 𝑝2 + 𝛥
− 𝑝1 ⋅ 𝑘

𝑣 ⋅ 𝑝1 + 𝛥
)

− 𝑓𝐷𝑔2 ((𝑝2 ⋅ 𝑘)(𝑣 ⋅ 𝑝1) − (𝑝1 ⋅ 𝑘)(𝑣 ⋅ 𝑝2))√
2𝑚𝐷𝑓2

𝜋(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)
( 1

𝑣 ⋅ 𝑝1 + 𝛥
+ 1

𝑣 ⋅ 𝑝2 + 𝛥
)

+
√

2𝛼1(𝑝1 ⋅ 𝑘 − 𝑝2 ⋅ 𝑘)

√𝑚3
𝐷𝑓2

𝜋

(1 +
𝑓2

𝜋𝑚4
𝜌

𝑔2
𝜌

𝐵𝑊𝜌+(𝑠))

−
2𝑓𝐷𝜆𝑔𝑣𝑚2

𝜌 ((𝑝2 ⋅ 𝑘)(𝑣 ⋅ 𝑝1) − (𝑝1 ⋅ 𝑘)(𝑣 ⋅ 𝑝2))
𝑔𝜌𝑚𝐷(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)

𝐵𝑊𝜌+(𝑠)

(C.108)

ℎ′ = − 𝑓𝐷𝑔
2
√

2𝑚𝐷𝑓2
𝜋

( 1
𝑣 ⋅ 𝑝1 + 𝛥

+ 1
𝑣 ⋅ 𝑝2 + 𝛥

) (1 + 𝑔 𝑣 ⋅ 𝑘
𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥

)

−
√

2𝛼1

√𝑚3
𝐷𝑓2

𝜋

(1 +
𝑓2

𝜋𝑚4
𝜌

𝑔2
𝜌

𝐵𝑊𝜌+(𝑠))

−
𝑓𝐷𝜆𝑔𝑣𝑚2

𝜌(𝑣 ⋅ 𝑘)
𝑔𝜌𝑚𝐷(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)

𝐵𝑊𝜌+(𝑠)

(C.109)

𝐷+ → 𝐾+𝐾0𝛾

𝐴(𝑠,𝑠)
1 = −𝑖𝑓𝐷

𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑘
(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘)

(C.110)

𝐴(𝑑,𝑑)
1+2 = −𝑖𝑓𝐷

𝑣 ⋅ 𝑝2 − 𝑣 ⋅ 𝑝1 − 𝑣 ⋅ 𝑘
(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘)

(C.111)

𝐴(𝑠,𝑠)
3 = −𝑖√

𝑚𝐷𝑠

𝑚𝐷
𝑓𝐷𝑠

𝑔𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2) + (𝑣 ⋅ 𝑘)(𝑀 − 𝑣 ⋅ 𝑝2)
(𝑣 ⋅ 𝑝2 + 𝛥)(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘)

(C.112)

𝐴(𝑠,𝑠)
4 = −𝑖

√𝑚𝐷𝑠
𝑓𝐷𝑠

𝑔(𝑣 ⋅ 𝑘)
√𝑚𝐷(𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝2 + 𝛥)

⎡
⎢
⎣

2𝜆′ + 1√
2𝑔𝑣𝜆 ( 𝑔𝜔

3𝑚2
𝜔

− 𝑔𝜌
𝑚2

𝜌
)

𝑣 ⋅ 𝑘 + 𝛥
−

2𝜆′ −
√

2
3 𝑔𝑣𝜆 𝑔𝜙

𝑚2
𝜙

𝑣 ⋅ 𝑝2 + 𝛥
⎤
⎥
⎦

(C.113)

𝐴(𝑑,𝑑)
6 = −𝑖2𝑓𝐷

𝑝1 ⋅ 𝑝2
𝑚𝐷(𝑣 ⋅ 𝑘)

𝐵𝑊𝜌+(𝑠) (C.114)
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C.1 radiative three body decays

A
(s,s)
4,1

γ K0 K+

A
(s,s)
4,2

γK0 K+

A
(s,s)
4,3

γ K0 K+

A
(s,s)
4,4

γK0 K+

A
(s,s)
5,1

K+

γ

K0

A
(d,d)
6,1

K+

K0γ

A
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1,1

K0

γ K+

A
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K+

γ

K0

A
(d,d),(s,s)
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K0
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γ

A
(d,d)
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K0

γ K+

A
(d,d)
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K+

γ

K0

A
(d,d)
2,3

K0

K+

γ

A
(s,s)
3,1

γ K0 K+

A
(s,s)
3,2

K0 γ K+

A
(s,s)
3,3

K0

γ

K+

A
(s,s)
3,4

γ

K0 K+

D+ D+

D+

D+

D+ D+ ρ+

D+ ρ+
D+ ρ+

D+ D+ D∗
s D+ D∗

s D∗
s D+ D∗

s D+ D∗
s

D+ D∗+ D∗
s D+ D∗

s D∗
s D+ D∗+ D∗

s

ρ/ω

D+ D∗
s D∗

s

φ

D+ D∗
s

K∗0
D+ ρ+ ρ+

ρ

a) Contributions to the parity-even form factors
𝐴 and 𝐸. Note that the diagrams 𝐴1 have two
different factorizations. Additionally, for each of the
diagrams 𝐴1,2, 𝐴1,3, 𝐴2,3, 𝐴3,3 and 𝐴3,4 there
are additional diagrams where the photon is coupled
to the pseudoscalar via a 𝜌0-, 𝜔-, 𝜙-mesons.

K0

B
(d,d),(s,s)
1,1

γ K+

B
(d,d)
1,2

K0

γ K+

B
(d,d),(s,s)
1,3

K0

γ K+

B
(d,d)
1,4

K0

γ K+

B
(s,s)
2,1

γK0 K+

B
(s,s)
2,2

γ K0 K+

B
(s,s)
2,3

γK0 K+

B
(s,s)
2,4

γ K0 K+

B
(s,s)
3,1

K+

K0 γ

B
(d,d),(s,s)
3,2

K0

K+ γ

B
(d,d),(s,s)
3,3

K0

γ

K+

B
(d,d)
4,1

K0

K+ γ

B
(d,d)
4,2

K+

K0 γ

D+ D∗+ D+ D∗+ ρ+ D+ D∗+

ρ/ω

D+ D∗+ ρ+

ρ/ω

D+ D∗
s Ds D+ D∗+ Ds D+ D∗

s Ds

φ

D+ D∗+ Ds

ρ/ω

D+ D∗
s K∗+ D+ K∗0 D+

K∗+

D+ π+ K∗0 D+ π+ K∗+

b) Contributions to the parity-odd form factors 𝐵
and 𝐷. Note that the diagrams 𝐵1,1/3 and 𝐵3,2/3
have two different factorizations.

Figure C.11: HH𝜒PTFeynman diagrams for the decay 𝐷+ → 𝐾+𝐾0𝛾 within the SM.

𝐵(𝑠,𝑠)
1 = 𝑓𝐷

(𝑣 ⋅ 𝑘 + 𝛥)
[2𝜆′ + 1√

2
𝑔𝑣𝜆 ( 𝑔𝜔

3𝑚2
𝜔

−
𝑔𝜌

𝑚2
𝜌

)] (C.115)

𝐵(𝑑,𝑑)
1 = − 𝑓𝐷

𝑣 ⋅ 𝑘 + 𝛥
[1 − 𝑚2

𝜌𝐵𝑊𝜌+(𝑠)] [2𝜆′ + 1√
2

𝑔𝑣𝜆 ( 𝑔𝜔
3𝑚2

𝜔
−

𝑔𝜌

𝑚2
𝜌

)] (C.116)

𝐵(𝑠,𝑠)
2 =

√𝑚𝐷𝑠
𝑓𝐷𝑠

𝑔(𝑣 ⋅ 𝑝1)
√𝑚𝐷(𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝2)

⎡
⎢
⎣

2𝜆′ −
√

2
3 𝑔𝑣𝜆 𝑔𝜙

𝑚2
𝜙

𝑣 ⋅ 𝑝2 + 𝛥
+

2𝜆′ + 1√
2𝑔𝑣𝜆 ( 𝑔𝜔

3𝑚2
𝜔

− 𝑔𝜌
𝑚2

𝜌
)

𝑣 ⋅ 𝑘 + 𝛥
⎤
⎥
⎦

(C.117)

𝐵(𝑠,𝑠)
3 = −

𝑔𝐾∗𝑔𝐾∗±𝐾±𝛾

𝑓𝐾
(𝑓𝐷 + 𝑔𝑓𝐷𝑠

√
𝑚𝐷𝑠

𝑚𝐷

𝑚𝐷 − 𝑣 ⋅ 𝑝2
𝑣 ⋅ 𝑝2 + 𝛥

) 𝐵𝑊𝐾∗+(𝑢)

+ 2𝑓𝐾(𝑚𝐷𝛼1 − 𝛼2𝑣 ⋅ 𝑝1)
√𝑚𝐷

𝑚2
𝐾∗

𝑔𝐾∗
𝑔𝐾∗𝐾𝛾𝐵𝑊𝐾∗(𝑡))

(C.118)

𝐵(𝑑,𝑑)
3 = 𝑓𝐷𝑔𝐾∗

𝑓𝐾
(𝑔𝐾∗𝐾𝛾𝐵𝑊𝐾∗(𝑡) + 𝑔𝐾∗±𝐾±𝛾𝐵𝑊𝐾∗+(𝑢)) (C.119)

𝐵(𝑑,𝑑)
4 = − 𝑚2

𝐷𝑓𝐷𝑓𝜋
(𝑚2

𝐷 − 𝑚2
𝜋)

𝑚2
𝐾∗

𝑔𝐾∗
(𝑔𝐾∗𝐾𝛾𝐵𝑊𝐾∗(𝑡) + 𝑔𝐾∗±𝐾±𝛾𝐵𝑊𝐾∗+(𝑢)) (C.120)
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C HH𝜒PT form factors

𝑎′ = − 𝑓𝐷𝑔2 (𝑝2 ⋅ 𝑘 − (𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝2))
𝑓2

𝐾(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)(𝑣 ⋅ 𝑝2 + 𝛥)

+ 𝛼1(𝑣 ⋅ 𝑘)
𝑓2

𝐾
√𝑚𝐷

(1 +
𝑓2

𝐾𝑚4
𝜌

𝑔2
𝜌

𝐵𝑊𝜌+(𝑠))

−
√

2𝑓𝐷𝜆𝑔𝑣𝑚2
𝜌 (𝑝2 ⋅ 𝑘 − (𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝2))

𝑔𝜌(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)
𝐵𝑊𝜌+(𝑠)

(C.121)

𝑏′ = 𝑔
𝑓2

𝐾(𝑣 ⋅ 𝑝2 + 𝛥)
[√

𝑚𝐷𝑠

𝑚𝐷
𝑓𝐷𝑠

(𝑣 ⋅ 𝑘) + 𝑓𝐷𝑔𝑝1 ⋅ 𝑘 − (𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝1)
𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥

]

− 𝛼1(𝑣 ⋅ 𝑘)
𝑓2

𝐾
√𝑚𝐷

(1 +
𝑓2

𝐾𝑚4
𝜌

𝑔2
𝜌

𝐵𝑊𝜌+(𝑠))

+
√

2𝑓𝐷𝜆𝑔𝑣𝑚2
𝜌 (𝑝1 ⋅ 𝑘 − (𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝1))

𝑔𝜌(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)
𝐵𝑊𝜌+(𝑠)

(C.122)

𝑐′ = − 𝑔
𝑓2

𝐾𝑚𝐷(𝑣 ⋅ 𝑝2 + 𝛥)
[√

𝑚𝐷𝑠

𝑚𝐷
𝑓𝐷𝑠

(𝑝2 ⋅ 𝑘) − 𝑓𝐷𝑔(𝑝2 ⋅ 𝑘)(𝑣 ⋅ 𝑝1) − (𝑝1 ⋅ 𝑘)(𝑣 ⋅ 𝑝2)
𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥

]

− 𝛼1(𝑝1 ⋅ 𝑘 − 𝑝2 ⋅ 𝑘)

√𝑚3
𝐷𝑓2

𝐾

(1 +
𝑓2

𝐾𝑚4
𝜌

𝑔2
𝜌

𝐵𝑊𝜌+(𝑠)) (C.123)

+
√

2𝑓𝐷𝜆𝑔𝑣𝑚2
𝜌 ((𝑝2 ⋅ 𝑘)(𝑣 ⋅ 𝑝1) − (𝑝1 ⋅ 𝑘)(𝑣 ⋅ 𝑝2))

𝑔𝜌𝑚𝐷(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)
𝐵𝑊𝜌+(𝑠)

ℎ′ = 𝑔
2𝑓2

𝐾𝑚𝐷(𝑣 ⋅ 𝑝2 + 𝛥)
(√

𝑚𝐷𝑠

𝑚𝐷
𝑓𝐷𝑠

+ 𝑓𝐷𝑔 𝑣 ⋅ 𝑘
𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥

)

+ 𝛼1

√𝑚3
𝐷𝑓2

𝐾

(1 +
𝑓2

𝐾𝑚4
𝜌

𝑔2
𝜌

𝐵𝑊𝜌+(𝑠))

+
𝑓𝐷𝜆𝑔𝑣𝑚2

𝜌 (𝑣 ⋅ 𝑘)
√

2𝑔𝜌𝑚𝐷(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)
𝐵𝑊𝜌+(𝑠)

(C.124)
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C.1 radiative three body decays

𝐷𝑠 → 𝜋+𝐾0𝛾
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K∗0

Ds K∗+K∗+
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a) Contributions to the parity-even form factors
𝐴 and 𝐸. Note that the diagrams 𝐴1 have two
different factorizations. Additionally, for each of the
diagrams 𝐴1,2, 𝐴1,3, 𝐴2,3, 𝐴3,3 and 𝐴3,4 there
are additional diagrams where the photon is coupled
to the pseudoscalar via a 𝜌0-, 𝜔-, 𝜙-mesons.

K0

B
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1,1
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B
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B
(d,d),(s,s)
1,3

K0

γ π+

B
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B
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B
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B
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s

φ

Ds D∗
s K∗+
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b) Contributions to the parity-odd form factors 𝐵
and 𝐷. Note that the diagrams 𝐵1,1/3 and 𝐵3,2/3
have two different factorizations.

Figure C.12: HH𝜒PTFeynman diagrams for the decay 𝐷𝑠 → 𝜋+𝐾0𝛾 within the SM.

𝐴(𝑑,𝑑)
1 = −𝑖

𝑓𝐷𝑠
𝑓𝜋

𝑓𝐾

𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑘
(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘)

(C.125)

𝐴(𝑠,𝑠)
1+2 = −𝑖𝑓𝐷𝑠

𝑣 ⋅ 𝑝2 − 𝑣 ⋅ 𝑝1 − 𝑣 ⋅ 𝑘
(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘)

(C.126)

𝐴(𝑑,𝑑)
3 = −𝑖

𝑓𝐷𝑠
𝑓𝜋𝑔

𝑓𝐾

𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2) + (𝑣 ⋅ 𝑘)(𝑀 − 𝑣 ⋅ 𝑝2)
(𝑣 ⋅ 𝑝2 + 𝛥)(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘)

(C.127)

𝐴(𝑑,𝑑)
4 = −𝑖

√𝑚𝐷𝑓𝐷𝑓𝜋𝑔(𝑣 ⋅ 𝑘)
√𝑚𝐷𝑠

𝑓𝐾(𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝2 + 𝛥)
⎡
⎢
⎣

2𝜆′ −
√

2
3 𝑔𝑣𝜆 𝑔𝜙

𝑚2
𝜙

𝑣 ⋅ 𝑘 + 𝛥
−

2𝜆′ + 1√
2𝑔𝑣𝜆 ( 𝑔𝜔

3𝑚2
𝜔

− 𝑔𝜌
𝑚2

𝜌
)

𝑣 ⋅ 𝑝2 + 𝛥
⎤
⎥
⎦

(C.128)

𝐴(𝑠,𝑠)
6 = −𝑖2𝑓𝐷𝑠

𝑝1 ⋅ 𝑝2
𝑚𝐷𝑠

(𝑣 ⋅ 𝑘)
𝐵𝑊𝐾∗+(𝑠) (C.129)

𝐵(𝑑,𝑑)
1 =

𝑓𝐷𝑠
𝑓𝜋

𝑓𝐾(𝑣 ⋅ 𝑘 + 𝛥)
[2𝜆′ −

√
2

3
𝑔𝑣𝜆

𝑔𝜙

𝑚2
𝜙

] (C.130)

𝐵(𝑠,𝑠)
1 = −

𝑓𝐷𝑠

𝑣 ⋅ 𝑘 + 𝛥
[1 − 𝑚2

𝐾∗𝐵𝑊𝐾∗+(𝑠)] [2𝜆′ −
√

2
3

𝑔𝑣𝜆
𝑔𝜙

𝑚𝜙
] (C.131)

- 133 -- 133 -



C HH𝜒PT form factors

𝐵(𝑑,𝑑)
2 =

√𝑚𝐷𝑓𝐷𝑓𝜋𝑔(𝑣 ⋅ 𝑝1)
√𝑚𝐷𝑠

𝑓𝐾(𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝2)

× ⎡
⎢
⎣

2𝜆′ + 1√
2𝑔𝑣𝜆 ( 𝑔𝜔

3𝑚2
𝜔

− 𝑔𝜌
𝑚2

𝜌
)

𝑣 ⋅ 𝑝2 + 𝛥
+

2𝜆′ −
√

2
3 𝑔𝑣𝜆 𝑔𝜙

𝑚2
𝜙

𝑣 ⋅ 𝑘 + 𝛥
⎤
⎥
⎦

(C.132)

𝐵(𝑑,𝑑)
3 = −

𝑔𝜌𝑔𝜌±𝜋±𝛾

𝑓𝐾
(𝑓𝐷𝑠

+ 𝑔𝑓𝐷√
𝑚𝐷
𝑚𝐷𝑠

𝑚𝐷𝑠
− 𝑣 ⋅ 𝑝2

𝑣 ⋅ 𝑝2 + 𝛥
) 𝐵𝑊𝜌+(𝑢)

+
2𝑓𝜋(𝑚𝐷𝑠

𝛼1 − 𝛼2𝑣 ⋅ 𝑝1)
√𝑚𝐷𝑠

𝑚2
𝐾∗

𝑔𝐾∗
𝑔𝐾∗𝐾𝛾𝐵𝑊𝐾∗(𝑡))

(C.133)

𝐵(𝑠,𝑠)
3 =

𝑓𝐷𝑠
𝑔𝐾∗

𝑓𝜋
𝑔𝐾∗𝐾𝛾𝐵𝑊𝐾∗(𝑡) +

𝑓𝐷𝑠
𝑔𝜌

𝑓𝐾
𝑔𝜌±𝜋±𝛾𝐵𝑊𝜌+(𝑢) (C.134)

𝐵(𝑠,𝑠)
4 = −

𝑚2
𝐷𝑠

𝑓𝐷𝑠
𝑓𝐾

(𝑚2
𝐷𝑠

− 𝑚2
𝐾)

(𝑚2
𝐾∗

𝑔𝐾∗
𝑔𝐾∗𝐾𝛾𝐵𝑊𝐾∗(𝑡) +

𝑚2
𝜌

𝑔𝜌
𝑔𝜌±𝜋±𝛾𝐵𝑊𝜌+(𝑢)) (C.135)

𝑎′ = −
√𝑚𝐷𝑓𝐷𝑔2 (𝑝2 ⋅ 𝑘 − (𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝2))

𝑓𝜋𝑓𝐾
√𝑚𝐷𝑠

(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)(𝑣 ⋅ 𝑝2 + 𝛥)

+ 𝛼1(𝑣 ⋅ 𝑘)
𝑓𝜋𝑓𝐾

√𝑚𝐷𝑠

(1 + 𝑓𝜋𝑓𝐾𝑚4
𝐾∗

𝑔2
𝐾∗

𝐵𝑊𝐾∗+(𝑠))

−
√2𝑚𝐷𝑓𝐷𝜆𝑔𝑣𝑚2

𝐾∗ (𝑝2 ⋅ 𝑘 − (𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝2))
𝑔𝐾∗

√𝑚𝐷𝑠
(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)

𝐵𝑊𝐾∗+(𝑠)

(C.136)

𝑏′ =
√𝑚𝐷𝑓𝐷𝑔

𝑓𝜋𝑓𝐾
√𝑚𝐷𝑠

(𝑣 ⋅ 𝑝2 + 𝛥)
[𝑣 ⋅ 𝑘 + 𝑔𝑝1 ⋅ 𝑘 − (𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝1)

𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥
]

− 𝛼1(𝑣 ⋅ 𝑘)
𝑓𝜋𝑓𝐾

√𝑚𝐷𝑠

(1 + 𝑓𝜋𝑓𝐾𝑚4
𝐾∗

𝑔2
𝐾∗

𝐵𝑊𝐾∗+(𝑠))

+
√2𝑚𝐷𝑓𝐷𝜆𝑔𝑣𝑚2

𝐾∗ (𝑝1 ⋅ 𝑘 − (𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝1))
𝑔𝐾∗

√𝑚𝐷𝑠
(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)

𝐵𝑊𝐾∗+(𝑠)

(C.137)

𝑐′ = −
√𝑚𝐷𝑓𝐷𝑔

√𝑚3
𝐷𝑠

𝑓𝜋𝑓𝐾(𝑣 ⋅ 𝑝2 + 𝛥)
[𝑝2 ⋅ 𝑘 − 𝑔(𝑝2 ⋅ 𝑘)(𝑣 ⋅ 𝑝1) − (𝑝1 ⋅ 𝑘)(𝑣 ⋅ 𝑝2)

𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥
]

− 𝛼1(𝑝1 ⋅ 𝑘 − 𝑝2 ⋅ 𝑘)

√𝑚3
𝐷𝑠

𝑓𝜋𝑓𝐾

(1 + 𝑓𝜋𝑓𝐾𝑚4
𝐾∗

𝑔2
𝐾∗

𝐵𝑊𝐾∗+(𝑠))

+
√2𝑚𝐷𝑓𝐷𝜆𝑔𝑣𝑚2

𝐾∗ ((𝑝2 ⋅ 𝑘)(𝑣 ⋅ 𝑝1) − (𝑝1 ⋅ 𝑘)(𝑣 ⋅ 𝑝2))

√𝑚3
𝐷𝑠

𝑔𝐾∗(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)
𝐵𝑊𝐾∗+(𝑠)

(C.138)
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C.1 radiative three body decays

ℎ′ =
√𝑚𝐷𝑓𝐷𝑔

2√𝑚3
𝐷𝑠

𝑓𝜋𝑓𝐾(𝑣 ⋅ 𝑝2 + 𝛥)
(1 + 𝑔 𝑣 ⋅ 𝑘

𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥
)

+ 𝛼1

√𝑚3
𝐷𝑠

𝑓𝜋𝑓𝐾

(1 + 𝑓𝜋𝑓𝐾𝑚4
𝐾∗

𝑔2
𝐾∗

𝐵𝑊𝐾∗+(𝑠))

+
√𝑚𝐷𝑓𝐷𝜆𝑔𝑣𝑚2

𝐾∗ (𝑣 ⋅ 𝑘)

√2𝑚3
𝐷𝑠

𝑔𝐾∗(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)
𝐵𝑊𝐾∗+(𝑠)

(C.139)

𝐷𝑠 → 𝐾+𝜋0𝛾
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a) Contributions to the parity-even form factors
𝐴 and 𝐸. Additionally, for each of the diagrams
𝐴1,2, 𝐴1,3, 𝐴2,3, 𝐸1,2 nd 𝐸2,3 there are addi-
tional diagrams where the photon is coupled to the
pseudoscalar via a 𝜌0-, 𝜔-, 𝜙-mesons.
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b) Contributions to the parity-odd form factors 𝐵
and 𝐷.

Figure C.13: HH𝜒PTFeynman diagrams for the decay 𝐷𝑠 → 𝐾+𝜋0𝛾 within the SM.

𝐴(𝑠,𝑠)
1+2 = 𝑖

𝑓𝐷𝑠√
2

𝑣 ⋅ 𝑝2 − 𝑣 ⋅ 𝑝1 − 𝑣 ⋅ 𝑘
(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘)

(C.140)

𝐴(𝑠,𝑠)
6 = 𝑖

√
2𝑓𝐷𝑠

𝑝1 ⋅ 𝑝2
𝑚𝐷𝑠

(𝑣 ⋅ 𝑘)
𝐵𝑊𝐾∗+(𝑠) (C.141)
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C HH𝜒PT form factors

𝐸(𝑑,𝑑)
1 = 𝑖

𝑓𝐷𝑠
𝑓𝜋√

2𝑓𝐾

𝑣 ⋅ 𝑝2
(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘)

(C.142)

𝐸(𝑑,𝑑)
2 = 𝑖√

𝑚𝐷
𝑚𝐷𝑠

𝑓𝐷𝑓𝜋𝑔√
2𝑓𝐾

𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2) + (𝑣 ⋅ 𝑘)(𝑚𝐷𝑠
− 𝑣 ⋅ 𝑝2)

(𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝1 + 𝛥)(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘)
(C.143)

𝐸(𝑑,𝑑)
3 = 𝑖√

𝑚𝐷
𝑚𝐷𝑠

𝑓𝐷𝑓𝜋𝑔(𝑣 ⋅ 𝑘)
𝑓𝐾(𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝1 + 𝛥)

⎡
⎢
⎣

√
2𝜆′ + 1

2𝑔𝑣𝜆 ( 𝑔𝜔
3𝑚2

𝜔
+ 𝑔𝜌

𝑚2
𝜌
)

𝑣 ⋅ 𝑝1 + 𝛥
−

√
2𝜆′ − 𝑔𝑣𝜆 𝑔𝜙

3𝑚2
𝜙

𝑣 ⋅ 𝑘 + 𝛥
⎤
⎥
⎦

(C.144)

𝐵(𝑠,𝑠)
1 =

𝑓𝐷𝑠

𝑣 ⋅ 𝑘 + 𝛥
[1 − 𝑚2

𝐾∗𝐵𝑊𝐾∗+(𝑠)] [
√

2𝜆′ − 𝑔𝑣𝜆
𝑔𝜙

3𝑚2
𝜙

] (C.145)

𝐵(𝑠,𝑠)
3 = −

𝑓𝐷𝑠
𝑔𝜌√

2𝑓𝐾
𝑔𝜌𝜋𝛾𝐵𝑊𝜌(𝑡) −

𝑓𝐷𝑠
𝑔𝜔√

2𝑓𝐾
𝑔𝜔𝜋𝛾𝐵𝑊𝜔(𝑡)

−
𝑓𝐷𝑠

𝑔𝐾∗
√

2𝑓𝜋
𝑔𝐾∗±𝐾±𝛾𝐵𝑊𝐾∗+(𝑢)

(C.146)

𝐵(𝑠,𝑠)
4 =

𝑚2
𝐷𝑠

𝑓𝐷𝑠
𝑓𝐾√

2(𝑚2
𝐷𝑠

− 𝑚2
𝐾)

(2𝑚2
𝐾∗

𝑔𝐾∗
𝑔𝐾∗±𝐾±𝛾𝐵𝑊𝐾∗+(𝑢)

+
𝑚2

𝜌

𝑔𝜌
𝑔𝜌𝜋𝛾𝐵𝑊𝜌(𝑡) + 𝑚2

𝜔
𝑔𝜔

𝑔𝜔𝜋𝛾𝐵𝑊𝜔(𝑡))
(C.147)

𝐷(𝑑,𝑑)
1 =

√
2 𝑓𝜋

𝑓𝐾
𝜆′ [

𝑓𝐷𝑠

𝑣 ⋅ 𝑘 + 𝛥
+

√𝑚𝐷𝑓𝐷𝑔(𝑣 ⋅ 𝑝2)
√𝑚𝐷𝑠

(𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝1)
( 1

𝑣 ⋅ 𝑘 + 𝛥
+ 1

𝑣 ⋅ 𝑝1 + 𝛥
)]

(C.148)

𝐷(𝑑,𝑑)
2 = 𝑓𝜋𝑔𝑣𝜆

𝑓𝐾

⎡
⎢
⎣

−𝑓𝐷𝑠

𝑔𝜙
3𝑚2

𝜙

𝑣 ⋅ 𝑘 + 𝛥
+

√𝑚𝐷𝑓𝐷𝑔(𝑣 ⋅ 𝑝2)
√𝑚𝐷𝑠

(𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝1)
⎛⎜⎜
⎝

− 𝑔𝜙
3𝑚2

𝜙

𝑣 ⋅ 𝑘 + 𝛥
+

1
2 ( 𝑔𝜔

3𝑚2
𝜔

+ 𝑔𝜌
𝑚2

𝜌
)

𝑣 ⋅ 𝑝1 + 𝛥
⎞⎟⎟
⎠

⎤
⎥
⎦

(C.149)

𝐷(𝑑,𝑑)
3 = 1√

2𝑓𝐾
(𝑓𝐷𝑠

+ √
𝑚𝐷
𝑚𝐷𝑠

𝑓𝐷𝑔
𝑚𝐷𝑠

− 𝑣 ⋅ 𝑝1

𝑣 ⋅ 𝑝1 + 𝛥
)

× (𝑔𝜔𝑔𝜔𝜋𝛾𝐵𝑊𝜔(𝑡) − 𝑔𝜌𝑔𝜌𝜋𝛾𝐵𝑊𝜌(𝑡))

+
√

2𝑓𝜋 (𝑚𝐷𝑠
𝛼1 − 𝛼2𝑣 ⋅ 𝑝2)

√𝑚𝐷𝑠

𝑚2
𝐾∗

𝑔𝐾∗
𝑔𝐾∗±𝐾±𝛾𝐵𝑊𝐾∗+(𝑢)

(C.150)
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C.1 radiative three body decays

𝑎′ =
√𝑚𝐷𝑓𝐷𝑔

√
2𝑓𝜋𝑓𝐾

√𝑚𝐷𝑠
(𝑣 ⋅ 𝑝1 + 𝛥)

[𝑣 ⋅ 𝑘 + 𝑔𝑝2 ⋅ 𝑘 − (𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝2)
𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥

]

− 𝛼1(𝑣 ⋅ 𝑘)√
2𝑓𝜋𝑓𝐾

√𝑚𝐷𝑠

(1 + 𝑓𝜋𝑓𝐾𝑚4
𝐾∗

𝑔2
𝐾∗

𝐵𝑊𝐾∗+(𝑠))

+
√𝑚𝐷𝑓𝐷𝜆𝑔𝑣𝑚2

𝐾∗ (𝑝2 ⋅ 𝑘 − (𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝2))
𝑔𝐾∗

√𝑚𝐷𝑠
(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)

𝐵𝑊𝐾∗+(𝑠)

(C.151)

𝑏′ = −
√𝑚𝐷𝑓𝐷𝑔2 (𝑝1 ⋅ 𝑘 − (𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝1))

√
2𝑓𝜋𝑓𝐾

√𝑚𝐷𝑠
(𝑣 ⋅ 𝑝1 + 𝛥)(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)

+ 𝛼1(𝑣 ⋅ 𝑘)√
2𝑓𝜋𝑓𝐾

√𝑚𝐷𝑠

(1 + 𝑓𝜋𝑓𝐾𝑚4
𝐾∗

𝑔2
𝐾∗

𝐵𝑊𝐾∗+(𝑠))

−
√𝑚𝐷𝑓𝐷𝜆𝑔𝑣𝑚2

𝐾∗ (𝑝1 ⋅ 𝑘 − (𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝1))
𝑔𝐾∗

√𝑚𝐷𝑠
(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)

𝐵𝑊𝐾∗+(𝑠)

(C.152)

𝑐′ = −
√𝑚𝐷𝑓𝐷𝑔

√2𝑚3
𝐷𝑠

𝑓𝜋𝑓𝐾(𝑣 ⋅ 𝑝1 + 𝛥)
[𝑝1 ⋅ 𝑘 + 𝑔(𝑝2 ⋅ 𝑘)(𝑣 ⋅ 𝑝1) − (𝑝1 ⋅ 𝑘)(𝑣 ⋅ 𝑝2)

𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥
]

+ 𝛼1(𝑝1 ⋅ 𝑘 − 𝑝2 ⋅ 𝑘)

√2𝑚3
𝐷𝑠

𝑓𝜋𝑓𝐾

(1 + 𝑓𝜋𝑓𝐾𝑚4
𝐾∗

𝑔2
𝐾∗

𝐵𝑊𝐾∗+(𝑠))

−
√𝑚𝐷𝑓𝐷𝜆𝑔𝑣𝑚2

𝐾∗ ((𝑝2 ⋅ 𝑘)(𝑣 ⋅ 𝑝1) − (𝑝1 ⋅ 𝑘)(𝑣 ⋅ 𝑝2))

√𝑚3
𝐷𝑠

𝑔𝐾∗(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)
𝐵𝑊𝐾∗+(𝑠)

(C.153)

ℎ′ = −
√𝑚𝐷𝑓𝐷𝑔

2√2𝑚3
𝐷𝑠

𝑓𝜋𝑓𝐾(𝑣 ⋅ 𝑝1 + 𝛥)
(1 + 𝑔 𝑣 ⋅ 𝑘

𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥
)

− 𝛼1

√2𝑚3
𝐷𝑠

𝑓𝜋𝑓𝐾

(1 + 𝑓𝜋𝑓𝐾𝑚4
𝐾∗

𝑔2
𝐾∗

𝐵𝑊𝐾∗+(𝑠))

−
√𝑚𝐷𝑓𝐷𝜆𝑔𝑣𝑚2

𝐾∗ (𝑣 ⋅ 𝑘)

2√𝑚3
𝐷𝑠

𝑔𝐾∗(𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑝2 + 𝛥)
𝐵𝑊𝐾∗+(𝑠)

(C.154)
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C HH𝜒PT form factors
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Figure C.14: HH𝜒PTFeynman diagrams related to the tensor current matrix elements.

- 138 -- 138 -



C.1 radiative three body decays

C.1.3 Doubly Cabibbo suppressed modes

𝐷0 → 𝜋0𝐾0𝛾
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E
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E
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D
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D
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D
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D
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D
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π0

γ K0

D
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D
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D
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K0 γ

D
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K0

π0 γ

D
(ddd,s)
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K0 γ

D
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D0 D∗0 D∗0 D0 D∗0 D∗0
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D0 D∗0 D∗0 D0 D∗0 D∗0

ρ/ω

D0 D∗0
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D0 D∗0 D0 D0 D∗0 D0 D0 D∗0
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ρ/ω

D0 D∗0 D0
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ρ/ω
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Figure C.15: HH𝜒PTFeynman diagrams for the decay 𝐷0 → 𝜋0𝐾0𝛾.

𝐸(𝑠,𝑑)
1 = 𝑖𝑔𝑓𝐷𝑓𝐾

𝑓𝜋

𝑣 ⋅ 𝑘
𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝1 + 𝛥

( 1
𝑣 ⋅ 𝑘 + 𝛥

− 1
𝑣 ⋅ 𝑝1 + 𝛥

)

× (
√

2𝜆′ + 1
2

𝜆𝑔𝑣 ( 𝑔𝜔
3𝑚2

𝜔
+

𝑔𝜌

𝑚2
𝜌

))
(C.155)

𝐷(𝑠,𝑑)
1 = −

√
2𝑓𝐷𝑓𝐾

𝑓𝜋
𝜆′ ( 1

𝑣 ⋅ 𝑘 + 𝛥
+ 𝑔 𝑣 ⋅ 𝑝2

𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑘
[ 1

𝑣 ⋅ 𝑘 + 𝛥
+ 1

𝑣 ⋅ 𝑝1 + 𝛥
]) (C.156)

𝐷(𝑠,𝑑)
2 = −1

2
𝑓𝐷𝑓𝐾

𝑓𝜋
𝜆𝑔𝑣 ( 𝑔𝜔

3𝑚2
𝜔

+
𝑔𝜌

𝑚2
𝜌

)

× ( 1
𝑣 ⋅ 𝑘 + 𝛥

+ 𝑔 𝑣 ⋅ 𝑝2
𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑘

[ 1
𝑣 ⋅ 𝑘 + 𝛥

+ 1
𝑣 ⋅ 𝑝1 + 𝛥

])
(C.157)
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C HH𝜒PT form factors

𝐷(𝑠,𝑑)
3 = −√ 2

𝑚𝐷
𝑓𝐾(𝛼1𝑚𝐷 − 𝛼2𝑣 ⋅ 𝑝2)

× (
𝑚2

𝜌𝑔𝜌𝜋𝛾

𝑔𝜌
𝐵𝑊𝜌(𝑢) +

𝑚2
𝜔𝑔𝜔𝜋𝛾

𝑔𝜔
𝐵𝑊𝜔(𝑢))

+ 1√
2

𝑔𝐾∗𝑔𝐾∗𝐾𝛾
𝑓𝐷
𝑓𝜋

(1 + 𝑔𝑚𝐷 − 𝑣 ⋅ 𝑝1
𝑣 ⋅ 𝑝1 + 𝛥

) 𝐵𝑊𝐾∗(𝑡)

(C.158)

𝐷(𝑠,𝑑)
4 = −𝑓𝐷

1
𝑣 ⋅ 𝑘 + 𝛥

(1 + 𝑚2
𝐾∗𝐵𝑊𝐾∗(𝑠)) (

√
2𝜆′ + 1

2
𝜆𝑔𝑣 ( 𝑔𝜔

3𝑚2
𝜔

+
𝑔𝜌

𝑚2
𝜌

)) (C.159)

𝐷(𝑠,𝑑)
5 = − 1√

2
𝑓𝐷
𝑓𝐾

(𝑔𝜌𝑔𝜌𝜋𝛾𝐵𝑊𝜌(𝑢) − 𝑔𝜔𝑔𝜔𝜋𝛾𝐵𝑊𝜔(𝑢))

− 1√
2

𝑓𝐷
𝑓𝜋

𝑔𝐾∗𝑔𝐾∗𝐾𝛾𝐵𝑊𝐾∗(𝑡)
(C.160)

𝐷(𝑠,𝑑)
6 = − 1√

2
𝑓𝐷𝑓𝐾

𝑚2
𝐷

𝑚2
𝐷 − 𝑚2

𝐾
(

𝑚2
𝜌

𝑔𝜌
𝑔𝜌𝜋𝛾𝐵𝑊𝜌(𝑢)

−𝑚2
𝜔

𝑔𝜔
𝑔𝜔𝜋𝛾𝐵𝑊𝜔(𝑢) + 𝑚2

𝐾∗

𝑔𝐾∗
𝑔𝐾∗𝐾𝛾𝐵𝑊𝐾∗(𝑡))

(C.161)

𝐷0 → 𝐾+𝜋−𝛾
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a) Contributions to the parity-even form factors
𝐴 and 𝐸. For each of the diagrams 𝐴1,1, 𝐴1,2,
𝐴1,3, 𝐴2,2, 𝐴2,3, 𝐴2,4, 𝐸1,1, 𝐸1,2, 𝐸1,3, 𝐸2,1
and 𝐸2,3 there are additional diagrams where the
photon is coupled to the pseudoscalar via a 𝜌0-, 𝜔-,
𝜙-mesons.
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b) Contributions to the parity-odd form factors 𝐵
and 𝐷.

Figure C.16: HH𝜒PTFeynman diagrams for the decay 𝐷0 → 𝐾+𝜋−𝛾.
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C.1 radiative three body decays

𝐴(𝑠,𝑑)
1 = 𝑖𝑓𝐷𝑓𝐾

𝑓𝜋

𝑝1 ⋅ 𝑘 − 𝑚𝐷(𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝1)
(𝑝1 ⋅ 𝑘)(𝑝2 ⋅ 𝑘)

(C.162)

𝐴(𝑠,𝑑)
2 = −𝑖𝑚𝐷

𝑓𝐷𝑓𝐾
𝑓𝜋

𝑔
(𝑝1 ⋅ 𝑘)(𝑝2 ⋅ 𝑘)

(𝑝2 ⋅ 𝑘(𝑚𝐷 − 𝑣 ⋅ 𝑝2)
𝑚𝐷(𝑣 ⋅ 𝑝2 + 𝛥)

+ 𝑝2 ⋅ 𝑘 [𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2)]
𝑚𝐷(𝑣 ⋅ 𝑝2 + 𝛥)(𝑣 ⋅ 𝑝2 + 𝑣 ⋅ 𝑘 + 𝛥)

+ (𝑚𝐷 − 𝑣 ⋅ 𝑝1)𝑝1 ⋅ 𝑘 + 𝑚𝐷𝑝1 ⋅ 𝑝2 + 𝑚𝐷(𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2)
𝑚𝐷(𝑣 ⋅ 𝑝2 + 𝑣 ⋅ 𝑘 + 𝛥)

)

(C.163)

𝐴(𝑠,𝑑)
3 = 𝑖𝑓𝐷𝑓𝐾

𝑓𝜋
𝑔 𝑣 ⋅ 𝑘

𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝2 + 𝛥

× ⎛⎜⎜
⎝

2𝜆′ + 1√
2𝜆𝑔𝑣 ( 𝑔𝜔

3𝑚2
𝜔

− 𝑔𝜌
𝑚2

𝜌
)

𝑣 ⋅ 𝑝2 + 𝛥
−

2𝜆′ + 1√
2𝜆𝑔𝑣 ( 𝑔𝜔

3𝑚2
𝜔

+ 𝑔𝜌
𝑚2

𝜌
)

𝑣 ⋅ 𝑘 + 𝛥
⎞⎟⎟
⎠

(C.164)

𝐵(𝑠,𝑑)
1 = 2𝑓𝐷𝑓𝐾

𝑓𝜋
𝜆′ ( 1

𝑣 ⋅ 𝑘 + 𝛥
+ 𝑔 𝑣 ⋅ 𝑝1

(𝑣 ⋅ 𝑝2 + 𝑣 ⋅ 𝑘)
[ 1

𝑣 ⋅ 𝑘 + 𝛥
+ 1

𝑣 ⋅ 𝑝2 + 𝛥
]) (C.165)

𝐵(𝑠,𝑑)
2 = 1√

2
𝑓𝐷𝑓𝐾

𝑓𝜋
𝜆𝑔𝑣 ( 𝑔𝜔

3𝑚2
𝜔

+
𝑔𝜌

𝑚2
𝜌

) 1
𝑣 ⋅ 𝑘 + 𝛥

(1 + 𝑔 𝑣 ⋅ 𝑝1
(𝑣 ⋅ 𝑝2 + 𝑣 ⋅ 𝑘)

)

− 1√
2

𝑓𝐷𝑓𝐾
𝑓𝜋

𝑔𝜆𝑔𝑣 ( 𝑔𝜔
3𝑚2

𝜔
−

𝑔𝜌

𝑚2
𝜌

) 𝑣 ⋅ 𝑝1
(𝑣 ⋅ 𝑝2 + 𝑣 ⋅ 𝑘)(𝑣 ⋅ 𝑝2 + 𝛥)

(C.166)

𝐵(𝑠,𝑑)
3 = 2

√𝑚𝐷
𝑓𝜋

𝑚2
𝜌𝑔𝜌±𝜋±𝛾

𝑔𝜌
(𝛼1𝑚𝐷 − 𝛼2𝑣 ⋅ 𝑝1)𝐵𝑊𝜌−(𝑡)

− 𝑔𝐾∗𝑔𝐾∗±𝐾±𝛾
𝑓𝐷
𝑓𝜋

(1 + 𝑔𝑚𝐷 − 𝑣 ⋅ 𝑝2
𝑣 ⋅ 𝑝2 + 𝛥

) 𝐵𝑊𝐾∗+(𝑢)
(C.167)

𝐷(𝑠,𝑑)
1 = − 𝑓𝐷

𝑣 ⋅ 𝑘 + 𝛥
(1 + 𝑚2

𝐾∗𝐵𝑊𝐾∗(𝑠)) (2𝜆′ + 1√
2

𝜆𝑔𝑣 ( 𝑔𝜔
3𝑚2

𝜔
+

𝑔𝜌

𝑚2
𝜌

)) (C.168)

𝐷(𝑠,𝑑)
2 = −𝑓𝐷

𝑓𝜋
𝑔𝐾∗𝑔𝐾∗±𝐾±𝛾𝐵𝑊𝐾∗+(𝑢) − 𝑓𝐷

𝑓𝐾
𝑔𝜌𝑔𝜌±𝜋±𝛾𝐵𝑊𝜌−(𝑡) (C.169)

𝐷(𝑠,𝑑)
3 = 𝑓𝐷𝑓𝐾

𝑚2
𝐷

𝑚2
𝐷 − 𝑚2

𝐾
(

𝑚2
𝜌

𝑔𝜌
𝑔𝜌±𝜋±𝛾𝐵𝑊𝜌−(𝑡) + 𝑚2

𝐾∗

𝑔𝐾∗
𝑔𝐾∗±𝐾±𝛾𝐵𝑊𝐾∗+(𝑢)) (C.170)

𝐷+ → 𝜋+𝐾0𝛾

𝐴(𝑑,𝑠)
1+2 = −𝑖𝑓𝐷

𝑣 ⋅ 𝑝2 − 𝑣 ⋅ 𝑝1 − 𝑣 ⋅ 𝑘
(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘)

𝐴(𝑑,𝑠)
6 = −𝑖2𝑓𝐷

𝑝1 ⋅ 𝑝2
𝑚𝐷(𝑣 ⋅ 𝑘)

𝐵𝑊𝐾∗+(𝑠)
(C.171)
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C HH𝜒PT form factors
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a) Contributions to the parity-even form factors
𝐴 and 𝐸. Additionally, for each of the diagrams
𝐴1,2, 𝐴1,3, 𝐴2,3, 𝐸1,2 nd 𝐸2,3 there are addi-
tional diagrams where the photon is coupled to the
pseudoscalar via a 𝜌0-, 𝜔-, 𝜙-mesons.
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b) Contributions to the parity-odd form factors 𝐵
and 𝐷.

Figure C.17: HH𝜒PTFeynman diagrams for the decay 𝐷+ → 𝜋+𝐾0𝛾.

𝐸(𝑑,𝑠)
1 = −𝑖𝑓𝐷𝑓𝐾

𝑓𝜋

𝑣 ⋅ 𝑝2
(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘)

(C.172)

𝐸(𝑑,𝑠)
2 = −𝑖𝑓𝐷𝑓𝐾𝑔

𝑓𝜋

𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2) + (𝑣 ⋅ 𝑘)(𝑚𝐷 − 𝑣 ⋅ 𝑝2)
(𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝1 + 𝛥)(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘)

(C.173)

𝐸(𝑑,𝑠)
3 = −𝑖 𝑓𝐷𝑓𝐾𝑔(𝑣 ⋅ 𝑘)

𝑓𝜋(𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝1 + 𝛥)

× ⎡
⎢
⎣

2𝜆′ + 1√
2𝑔𝑣𝜆 ( 𝑔𝜔

3𝑚2
𝜔

+ 𝑔𝜌
𝑚2

𝜌
)

𝑣 ⋅ 𝑝1 + 𝛥
−

2𝜆′ + 1√
2𝑔𝑣𝜆 ( 𝑔𝜔

3𝑚2
𝜔

− 𝑔𝜌
𝑚2

𝜌
)

𝑣 ⋅ 𝑘 + 𝛥
⎤
⎥
⎦

(C.174)

𝐵(𝑑,𝑠)
1 = − 𝑓𝐷

𝑣 ⋅ 𝑘 + 𝛥
[1 − 𝑚2

𝐾∗𝐵𝑊𝐾∗+(𝑠)] [2𝜆′ + 𝑔𝑣𝜆√
2

( 𝑔𝜔
3𝑚2

𝜔
−

𝑔𝜌

𝑚2
𝜌

)] (C.175)

𝐵(𝑑,𝑠)
3 = 𝑓𝐷𝑔𝐾∗

𝑓𝜋
𝑔𝐾∗𝐾𝛾𝐵𝑊𝐾∗(𝑡) +

𝑓𝐷𝑔𝜌

𝑓𝐾
𝑔𝜌±𝜋±𝛾𝐵𝑊𝜌+(𝑢) (C.176)

𝐵(𝑑,𝑠)
4 = − 𝑚2

𝐷𝑓𝐷𝑓𝐾
(𝑚2

𝐷 − 𝑚2
𝐾)

(𝑚2
𝐾∗

𝑔𝐾∗
𝑔𝐾∗𝐾𝛾𝐵𝑊𝐾∗(𝑡) +

𝑚2
𝜌

𝑔𝜌
𝑔𝜌±𝜋±𝛾𝐵𝑊𝜌+(𝑢)) (C.177)
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C.1 radiative three body decays

𝐷(𝑑,𝑠)
1 = −2𝑓𝐷𝑓𝐾

𝑓𝜋
𝜆′ [ 1

𝑣 ⋅ 𝑘 + 𝛥
+ 𝑔(𝑣 ⋅ 𝑝2)

𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝1
( 1

𝑣 ⋅ 𝑘 + 𝛥
+ 1

𝑣 ⋅ 𝑝1 + 𝛥
)] (C.178)

𝐷(𝑑,𝑠)
2 = −𝑓𝐷𝑓𝐾𝑔𝑣𝜆√

2𝑓𝜋

⎡⎢
⎣

𝑔𝜔
3𝑚2

𝜔
− 𝑔𝜌

𝑚2
𝜌

𝑣 ⋅ 𝑘 + 𝛥
+ 𝑔(𝑣 ⋅ 𝑝2)

𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝1
⎛⎜
⎝

𝑔𝜔
3𝑚2

𝜔
− 𝑔𝜌

𝑚2
𝜌

𝑣 ⋅ 𝑘 + 𝛥
+

𝑔𝜔
3𝑚2

𝜔
+ 𝑔𝜌

𝑚2
𝜌

𝑣 ⋅ 𝑝1 + 𝛥
⎞⎟
⎠

⎤⎥
⎦

(C.179)

𝐷(𝑑,𝑠)
3 =

𝑓𝐷𝑔𝐾∗𝑔𝐾∗𝐾𝛾

𝑓𝜋
(1 + 𝑔𝑚𝐷 − 𝑣 ⋅ 𝑝1

𝑣 ⋅ 𝑝1 + 𝛥
) 𝐵𝑊𝐾∗(𝑡)

− 2𝑓𝐾 (𝑚𝐷𝛼1 − 𝛼2𝑣 ⋅ 𝑝2)
√𝑚𝐷

𝑚2
𝜌

𝑔𝜌
𝑔𝜌±𝜋±𝛾𝐵𝑊𝜌+(𝑢)

(C.180)

𝐷+ → 𝐾+𝜋0𝛾
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a) Contributions to the parity-even form factors
𝐴 and 𝐸. Note that the diagrams 𝐴1 have two
different factorizations. Additionally, for each of the
diagrams 𝐴1,2, 𝐴1,3, 𝐴2,3, 𝐴3,3 and 𝐴3,4 there
are additional diagrams where the photon is coupled
to the pseudoscalar via a 𝜌0-, 𝜔-, 𝜙-mesons.
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b) Contributions to the parity-odd form factors 𝐵
and 𝐷. Note that the diagrams 𝐵1,1/3 and 𝐵3,2/3
have two different factorizations.

Figure C.18: HH𝜒PTFeynman diagrams for the decay 𝐷+ → 𝐾+𝜋0𝛾.

𝐴(𝑑,𝑠)
1+2 = 𝑖 𝑓𝐷√

2
𝑣 ⋅ 𝑝2 − 𝑣 ⋅ 𝑝1 − 𝑣 ⋅ 𝑘

(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘)
+ 𝑖𝑓𝐷𝑓𝐾√

2𝑓𝜋

𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑘
(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘) (C.181)

𝐴(𝑑,𝑠)
3 = 𝑖𝑓𝐷𝑓𝐾𝑔√

2𝑓𝜋

𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2) + (𝑣 ⋅ 𝑘)(𝑀 − 𝑣 ⋅ 𝑝2)
(𝑣 ⋅ 𝑝2 + 𝛥)(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘)

(C.182)

𝐴(𝑑,𝑠)
4 = 𝑖 𝑓𝐷𝑓𝐾𝑔(𝑣 ⋅ 𝑘)

𝑓𝜋(𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝2 + 𝛥)

× ⎡
⎢
⎣

√
2𝜆′ + 1

2𝑔𝑣𝜆 ( 𝑔𝜔
3𝑚2

𝜔
− 𝑔𝜌

𝑚2
𝜌
)

𝑣 ⋅ 𝑘 + 𝛥
−

√
2𝜆′ + 1

2𝑔𝑣𝜆 ( 𝑔𝜔
3𝑚2

𝜔
− 𝑔𝜌

𝑚2
𝜌
)

𝑣 ⋅ 𝑝2 + 𝛥
⎤
⎥
⎦

(C.183)
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C HH𝜒PT form factors

𝐴(𝑑,𝑠)
6 = 𝑖

√
2𝑓𝐷

𝑝1 ⋅ 𝑝2
𝑚𝐷(𝑣 ⋅ 𝑘)

𝐵𝑊𝐾∗+(𝑠) (C.184)

𝐵(𝑑,𝑠)
1 = 𝑓𝐷

𝑣 ⋅ 𝑘 + 𝛥
[1 − 𝑓𝐾

𝑓𝜋
− 𝑚2

𝐾∗𝐵𝑊𝐾∗+(𝑠)] [
√

2𝜆′ + 1
2

𝑔𝑣𝜆 ( 𝑔𝜔
3𝑚2

𝜔
−

𝑔𝜌

𝑚2
𝜌

)] (C.185)

𝐵(𝑑,𝑠)
2 = − 𝑓𝐷𝑓𝐾𝑔(𝑣 ⋅ 𝑝1)

𝑓𝜋(𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝2)
⎡
⎢
⎣

√
2𝜆′ + 1

2𝑔𝑣𝜆 ( 𝑔𝜔
3𝑚2

𝜔
− 𝑔𝜌

𝑚2
𝜌
)

𝑣 ⋅ 𝑝2 + 𝛥
+

√
2𝜆′ + 1

2𝑔𝑣𝜆 ( 𝑔𝜔
3𝑚2

𝜔
− 𝑔𝜌

𝑚2
𝜌
)

𝑣 ⋅ 𝑘 + 𝛥
⎤
⎥
⎦

(C.186)

𝐵(𝑑,𝑠)
3 =

𝑓𝐷𝑔𝐾∗𝑔𝐾∗±𝐾±𝛾𝑔(𝑚𝐷 − 𝑣 ⋅ 𝑝2)
√

2𝑓𝜋(𝑣 ⋅ 𝑝2 + 𝛥)
𝐵𝑊𝐾∗+(𝑢)

+
√

2𝑓𝐾(𝑚𝐷𝛼1 − 𝛼2𝑣 ⋅ 𝑝1)
√𝑚𝐷

(𝑚2
𝜔

𝑔𝜔
𝑔𝜔𝜋𝛾𝐵𝑊𝜔(𝑡) −

𝑚2
𝜌

𝑔𝜌
𝑔𝜌𝜋𝛾𝐵𝑊𝜌(𝑡))

− 𝑓𝐷√
2

(
𝑔𝜌

𝑓𝐾
𝑔𝜌𝜋𝛾𝐵𝑊𝜌(𝑡) + 𝑔𝜔

𝑓𝐾
𝑔𝜔𝜋𝛾𝐵𝑊𝜔(𝑡))

(C.187)

𝐵(𝑑,𝑠)
4 = 𝑚2

𝐷𝑓𝐷𝑓𝐾√
2(𝑚2

𝐷 − 𝑚2
𝐾)

(
𝑚2

𝜌

𝑔𝜌
𝑔𝜌𝜋𝛾𝐵𝑊𝜌(𝑡)

+𝑚2
𝜔

𝑔𝜔
𝑔𝜔𝜋𝛾𝐵𝑊𝜔(𝑡) + 2𝑚2

𝐾∗

𝑔𝐾∗
𝑔𝐾∗±𝐾±𝛾𝐵𝑊𝐾∗+(𝑢))

(C.188)

𝐷𝑠 → 𝐾+𝐾0𝛾

𝐴(𝑑,𝑠)
1 = −𝑖𝑓𝐷𝑠

𝑣 ⋅ 𝑝1 + 𝑣 ⋅ 𝑘
(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘)

(C.189)

𝐴(𝑑,𝑠)
3 = −𝑖√

𝑚𝐷
𝑚𝐷𝑠

𝑓𝐷𝑔𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2) + (𝑣 ⋅ 𝑘)(𝑚𝐷 − 𝑣 ⋅ 𝑝2)
(𝑣 ⋅ 𝑝2 + 𝛥)(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘)

(C.190)

𝐴(𝑑,𝑠)
4 = −𝑖√

𝑚𝐷
𝑚𝐷𝑠

𝑓𝐷𝑔(𝑣 ⋅ 𝑘)
𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝2 + 𝛥

⎡
⎢
⎣

2𝜆′ −
√

2
3 𝑔𝑣𝜆 𝑔𝜙

𝑚2
𝜙

𝑣 ⋅ 𝑘 + 𝛥
−

2𝜆′ + 1√
2𝑔𝑣𝜆 ( 𝑔𝜔

3𝑚2
𝜔

− 𝑔𝜌
𝑚2

𝜌
)

𝑣 ⋅ 𝑝2 + 𝛥
⎤
⎥
⎦

(C.191)
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C.1 radiative three body decays
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a) Contributions to the parity-even form factors 𝐴
and 𝐸. For each of the diagrams 𝐴1,2, 𝐴1,3, 𝐴3,3,
𝐴3,4, 𝐸1,2 nd 𝐸2,3 there are additional diagrams
where the photon is coupled to the pseudoscalar
via a 𝜌0-, 𝜔-, 𝜙-mesons.
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b) Contributions to the parity-odd form factors 𝐵
and 𝐷.

Figure C.19: HH𝜒PTFeynman diagrams for the decay 𝐷𝑠 → 𝐾+𝐾0𝛾.

𝐸(𝑑,𝑠)
1 = −𝑖𝑓𝐷𝑠

𝑣 ⋅ 𝑝2
(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘)

(C.192)

𝐸(𝑑,𝑠)
2 = −𝑖√

𝑚𝐷
𝑚𝐷𝑠

𝑓𝐷𝑔𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2) + (𝑣 ⋅ 𝑘)(𝑚𝐷 − 𝑣 ⋅ 𝑝2)
(𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝1 + 𝛥)(𝑣 ⋅ 𝑘)(𝑝1 ⋅ 𝑘)

(C.193)

𝐸(𝑑,𝑠)
3 = −𝑖√

𝑚𝐷
𝑚𝐷𝑠

𝑓𝐷𝑔(𝑣 ⋅ 𝑘)
𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝1 + 𝛥

⎡
⎢
⎣

2𝜆′ + 1√
2𝑔𝑣𝜆 ( 𝑔𝜔

3𝑚2
𝜔

+ 𝑔𝜌
𝑚2

𝜌
)

𝑣 ⋅ 𝑝1 + 𝛥
−

2𝜆′ −
√

2
3 𝑔𝑣𝜆 𝑔𝜙

𝑚2
𝜙

𝑣 ⋅ 𝑘 + 𝛥
⎤
⎥
⎦

(C.194)

𝐵(𝑑,𝑠)
1 =

𝑓𝐷𝑠

𝑣 ⋅ 𝑘 + 𝛥
[2𝜆′ −

√
2

3
𝑔𝑣𝜆

𝑔𝜙

𝑚2
𝜙

] (C.195)

𝐵(𝑑,𝑠)
2 = √

𝑚𝐷
𝑚𝐷𝑠

𝑓𝐷𝑔(𝑣 ⋅ 𝑝1)
𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝2

⎡
⎢
⎣

2𝜆′ + 1√
2𝑔𝑣𝜆 ( 𝑔𝜔

3𝑚2
𝜔

− 𝑔𝜌
𝑚2

𝜌
)

𝑣 ⋅ 𝑝2 + 𝛥
+

2𝜆′ −
√

2
3 𝑔𝑣𝜆 𝑔𝜙

𝑚2
𝜙

𝑣 ⋅ 𝑘 + 𝛥
⎤
⎥
⎦

(C.196)
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C HH𝜒PT form factors

𝐵(𝑑,𝑠)
3 = −

𝑔𝐾∗𝑔𝐾∗±𝐾±𝛾

𝑓𝐾
(𝑓𝐷𝑠

+ √
𝑚𝐷
𝑚𝐷𝑠

𝑓𝐷𝑔
𝑚𝐷𝑠

− 𝑣 ⋅ 𝑝2

𝑣 ⋅ 𝑝2 + 𝛥
) 𝐵𝑊𝐾∗+(𝑢)

+
2𝑓𝐾(𝑚𝐷𝑠

𝛼1 − 𝛼2𝑣 ⋅ 𝑝1)
√𝑚𝐷𝑠

𝑚2
𝐾∗

𝑔𝐾∗
𝑔𝐾∗𝐾𝛾𝐵𝑊𝐾∗(𝑡)

(C.197)

𝐷(𝑑,𝑠)
1 = −2𝜆′ [

𝑓𝐷𝑠

𝑣 ⋅ 𝑘 + 𝛥
+ √

𝑚𝐷
𝑚𝐷𝑠

𝑓𝐷𝑔(𝑣 ⋅ 𝑝2)
𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝1

( 1
𝑣 ⋅ 𝑘 + 𝛥

+ 1
𝑣 ⋅ 𝑝1 + 𝛥

)] (C.198)

𝐷(𝑑,𝑠)
2 = −𝑔𝑣𝜆 ⎡

⎢
⎣

−𝑓𝐷𝑠

√
2

3
𝑔𝜙
𝑚2

𝜙

𝑣 ⋅ 𝑘 + 𝛥
+ √

𝑚𝐷
𝑚𝐷𝑠

𝑓𝐷𝑔(𝑣 ⋅ 𝑝2)
𝑣 ⋅ 𝑘 + 𝑣 ⋅ 𝑝1

⎛⎜⎜
⎝

−
√

2
3

𝑔𝜙
𝑚2

𝜙

𝑣 ⋅ 𝑘 + 𝛥
+

1√
2 ( 𝑔𝜔

3𝑚2
𝜔

+ 𝑔𝜌
𝑚2

𝜌
)

𝑣 ⋅ 𝑝1 + 𝛥
⎞⎟⎟
⎠

⎤
⎥
⎦

(C.199)

𝐷(𝑑,𝑠)
3 =

𝑔𝐾∗𝑔𝐾∗𝐾𝛾

𝑓𝐾
(𝑓𝐷𝑠

+ √
𝑚𝐷
𝑚𝐷𝑠

𝑓𝐷𝑔
𝑚𝐷𝑠

− 𝑣 ⋅ 𝑝1

𝑣 ⋅ 𝑝1 + 𝛥
) 𝐵𝑊𝐾∗(𝑡)

−
2𝑓𝐾 (𝑚𝐷𝑠

𝛼1 − 𝛼2𝑣 ⋅ 𝑝2)
√𝑚𝐷𝑠

𝑚2
𝐾∗

𝑔𝐾∗
𝑔𝐾∗±𝐾±𝛾𝐵𝑊𝐾∗±(𝑢)

(C.200)

C.2 hadronic two body decays
Furthermore, we use the framework of HH𝜒PT to estimate the phase of the 𝐷(𝑣) →
𝑃1(𝑝1)𝑃2(𝑝2) decay amplitudes which we extract from data in section 4.2.1. Within
HH𝜒PT the amplitude can be written as

𝐴HH𝜒PT = 𝐺𝐹√
2

∑
𝑞,𝑞′∈{𝑑,𝑠}

𝑉 ∗
cq𝑉uq’ [(𝐶2 − 1

6
𝐶1)𝐹 (𝑞,𝑞′) + 1

2
𝐶1𝐺(𝑞,𝑞′)] , (C.201)

where the Form factors 𝐹 and 𝐺 belong to the charged current and neutral current
operator, respectively. The corresponding Feynman diagramms are shown in Fig. C.20.

C.2.1 Cabibbo favored (CF) modes
𝐷0 → 𝜋+𝐾−

𝐹 (𝑠,𝑑) = 𝑖𝑚𝐷𝑓𝐷𝑓𝜋
𝑓𝐾

𝑣 ⋅ 𝑝1 + 𝑖
𝑔√𝑚𝐷𝑚𝐷𝑠

𝑓𝐷𝑠
𝑓𝜋

𝑓𝐾

𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2)
𝑣 ⋅ 𝑝2 + 𝛥

(C.202)

𝐺(𝑠,𝑑) = 𝑖𝑚𝐷𝑓𝐷(𝑣 ⋅ 𝑝1 − 𝑣 ⋅ 𝑝2) (C.203)

𝐷+ → 𝜋+𝐾0

𝐹 (𝑠,𝑑) = 𝑖𝑚𝐷𝑓𝐷𝑓𝜋
𝑓𝐾

𝑣 ⋅ 𝑝1 + 𝑖𝑔𝑚𝐷𝑓𝐷𝑓𝜋
𝑓𝐾

𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2)
𝑣 ⋅ 𝑝2 + 𝛥

(C.204)

𝐺(𝑠,𝑑) = 𝑖𝑚𝐷𝑓𝐷𝑓𝐾
𝑓𝜋

𝑣 ⋅ 𝑝2 + 𝑖𝑔𝑚𝐷𝑓𝐷𝑓𝐾
𝑓𝜋

𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2)
𝑣 ⋅ 𝑝1 + 𝛥

(C.205)

- 146 -- 146 -



C.2 hadronic two body decays

F1

P−

P+
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D0 D0 V

D0 D∗+
(s)D0

a) Contributions of the charged cur-
rent operator 𝐹 and neutral current
operator 𝐺 to the 𝐷0 → 𝑃 +𝑃 − decay
amplitude.

F1

P+

P 0

F2

P+

P 0

F3

P+

P 0

G1

P 0

P+

G2

P 0

P+

D+
(s) D∗+

(s)D+
(s) D+

(s) V

D+
(s) D∗0D+

(s)

b) Contributions of the charged current operator 𝐹 and
neutral current operator 𝐺 to 𝐷+

(𝑠) → 𝑃 +𝑃 0 decay ampli-
tude. Note that the diagrams 𝐹1 canhave two different
factorizations.

Figure C.20: HH𝜒PTFeynman diagrams for the hadronic two body decays 𝐷 → 𝑃𝑃.

𝐷𝑠 → 𝜋+𝜋0

𝐹 (𝑠,𝑑) = 𝑖
√

2𝑚𝐷𝑠
𝑓𝐷𝑠

(𝑣 ⋅ 𝑝1 − 𝑣 ⋅ 𝑝2) (C.206)

𝐷𝑠 → 𝐾+𝐾0

𝐹 (𝑠,𝑑) = −𝑖𝑚𝐷𝑠
𝑓𝐷𝑠

(𝑣 ⋅ 𝑝1 − 𝑣 ⋅ 𝑝2) (C.207)

𝐺(𝑠,𝑑) = 𝑖𝑚𝐷𝑠
𝑓𝐷𝑠

𝑣 ⋅ 𝑝2 + 𝑖𝑔√𝑚𝐷𝑚𝐷𝑠
𝑓𝐷

𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2)
𝑣 ⋅ 𝑝1 + 𝛥

(C.208)

C.2.2 Singly Cabibbo suppressed (SCS) modes
𝐷0 → 𝜋+𝜋−

𝐹 (𝑑,𝑑) = 𝑖𝑚𝐷𝑓𝐷𝑣 ⋅ 𝑝1 + 𝑖𝑔𝑚𝐷𝑓𝐷
𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2)

𝑣 ⋅ 𝑝2 + 𝛥
(C.209)

𝐺(𝑑,𝑑) = 𝑖𝑚𝐷𝑓𝐷(𝑣 ⋅ 𝑝1 − 𝑣 ⋅ 𝑝2) (C.210)
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C HH𝜒PT form factors

𝐷0 → 𝐾+𝐾−

𝐹 (𝑠,𝑠) = 𝑖𝑚𝐷𝑓𝐷𝑣 ⋅ 𝑝1 + 𝑖𝑔√𝑚𝐷𝑚𝐷𝑠
𝑓𝐷𝑠

𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2)
𝑣 ⋅ 𝑝2 + 𝛥

(C.211)

𝐺(𝑠,𝑠) = 𝑖𝑚𝐷𝑓𝐷(𝑣 ⋅ 𝑝1 − 𝑣 ⋅ 𝑝2) (C.212)

𝐷+ → 𝜋+𝜋0

𝐹 (𝑑,𝑑) = 𝑖
√

2𝑚𝐷𝑓𝐷(𝑣 ⋅ 𝑝1 − 𝑣 ⋅ 𝑝2)

− 𝑖𝑓𝐷𝑚𝐷√
2

𝑣 ⋅ 𝑝1 − 𝑖𝑔𝑚𝐷𝑓𝐷√
2

𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2)
𝑣 ⋅ 𝑝2 + 𝛥

(C.213)

𝐺(𝑑,𝑑) = −𝑖𝑚𝐷𝑓𝐷√
2

𝑣 ⋅ 𝑝2 − 𝑖𝑔𝑚𝐷𝑓𝐷√
2

𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2)
𝑣 ⋅ 𝑝1 + 𝛥

(C.214)

𝐷+ → 𝐾+𝐾0

𝐹 (𝑑,𝑑) = −𝑖𝑚𝐷𝑓𝐷(𝑣 ⋅ 𝑝1 − 𝑣 ⋅ 𝑝2) (C.215)

𝐹 (𝑠,𝑠) = 𝑖𝑚𝐷𝑓𝐷𝑣 ⋅ 𝑝1 + 𝑖𝑔𝑚𝐷𝑓𝐷
𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2)

𝑣 ⋅ 𝑝2 + 𝛥
(C.216)

𝐷𝑠 → 𝜋+𝐾0

𝐹 (𝑠,𝑠) = −𝑖𝑚𝐷𝑠
𝑓𝐷𝑠

(𝑣 ⋅ 𝑝1 − 𝑣 ⋅ 𝑝2) (C.217)

𝐹 (𝑑,𝑑) = 𝑖
𝑚𝐷𝑠

𝑓𝐷𝑠
𝑓𝜋

𝑓𝐾
𝑣 ⋅ 𝑝1 + 𝑖

𝑔√𝑚𝐷𝑚𝐷𝑠
𝑓𝐷𝑓𝜋

𝑓𝐾

𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2)
𝑣 ⋅ 𝑝2 + 𝛥

(C.218)

𝐷𝑠 → 𝐾+𝜋0

𝐹 (𝑠,𝑠) = 𝑖
𝑚𝐷𝑠

𝑓𝐷𝑠√
2

(𝑣 ⋅ 𝑝1 − 𝑣 ⋅ 𝑝2) (C.219)

𝐺(𝑑,𝑑) = −𝑖
𝑚𝐷𝑠

𝑓𝐷𝑠
𝑓𝜋√

2𝑓𝐾
𝑣 ⋅ 𝑝2 − 𝑖

𝑔√𝑚𝐷𝑚𝐷𝑠
𝑓𝐷𝑓𝜋√

2𝑓𝐾

𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2)
𝑣 ⋅ 𝑝1 + 𝛥

(C.220)

C.2.3 Doubly Cabibbo suppressed (DCS) modes
𝐷0 → 𝐾+𝜋−

𝐹 (𝑑,𝑠) = 𝑖𝑚𝐷𝑓𝐷𝑓𝐾
𝑓𝜋

𝑣 ⋅ 𝑝1 + 𝑖𝑔𝑚𝐷𝑓𝐷𝑓𝐾
𝑓𝜋

𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2)
𝑣 ⋅ 𝑝2 + 𝛥

(C.221)

𝐺(𝑑,𝑠) = 𝑖𝑚𝐷𝑓𝐷(𝑣 ⋅ 𝑝1 − 𝑣 ⋅ 𝑝2) (C.222)
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C.2 hadronic two body decays

𝐷+ → 𝜋+𝐾0

𝐹 (𝑑,𝑠) = −𝑖𝑚𝐷𝑓𝐷(𝑣 ⋅ 𝑝1 − 𝑣 ⋅ 𝑝2) (C.223)

𝐺(𝑑,𝑠) = 𝑖𝑚𝐷𝑓𝐷𝑓𝐾
𝑓𝜋

𝑣 ⋅ 𝑝2 + 𝑖𝑔𝑚𝐷𝑓𝐷𝑓𝐾
𝑓𝜋

𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2)
𝑣 ⋅ 𝑝1 + 𝛥

(C.224)

𝐷+ → 𝐾+𝜋0

𝐹 (𝑑,𝑠) = 𝑖𝑚𝐷𝑓𝐷√
2

(𝑣 ⋅ 𝑝1 − 𝑣 ⋅ 𝑝2) − 𝑖𝑓𝐷𝑚𝐷𝑓𝐾√
2𝑓𝜋

𝑣 ⋅ 𝑝1

− 𝑖𝑔𝑚𝐷𝑓𝐷𝑓𝐾√
2𝑓𝜋

𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2)
𝑣 ⋅ 𝑝2 + 𝛥

(C.225)

𝐷𝑠 → 𝐾+𝐾0

𝐹 (𝑑,𝑠) = 𝑖𝑚𝐷𝑠
𝑓𝐷𝑠

𝑣 ⋅ 𝑝1 + 𝑖𝑔√𝑚𝐷𝑚𝐷𝑠
𝑓𝐷

𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2)
𝑣 ⋅ 𝑝2 + 𝛥

(C.226)

𝐺(𝑑,𝑠) = 𝑖𝑚𝐷𝑠
𝑓𝐷𝑠

𝑣 ⋅ 𝑝2 + 𝑖𝑔√𝑚𝐷𝑚𝐷𝑠
𝑓𝐷

𝑝1 ⋅ 𝑝2 − (𝑣 ⋅ 𝑝1)(𝑣 ⋅ 𝑝2)
𝑣 ⋅ 𝑝1 + 𝛥

(C.227)
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D Auxiliary information on the helicity
amplitude

The hadronic form factors 𝑓𝑉 and ℎ𝑉 are defined by the 𝐾1 → 𝑉 𝑃 decay amplitude

𝒜(𝐾1 → 𝑉 𝑃) = 𝜀𝜇
𝐾1

(𝑓𝑉𝑔𝜇𝜈 + ℎ𝑉𝑝𝑉 𝜇𝑝𝐾1𝜈)𝜀𝜈∗
𝑉 (D.1)

and can be related to partial 𝑆, and 𝐷 wave amplitudes as

𝑓𝑉 = −𝐴𝑉
𝑆 − 1√

2
𝐴𝑉

𝐷 ,

ℎ𝑉 = 𝐸𝑉√
𝑠| ⃗𝑝𝑉|2

[(1 −
√𝑠𝑉
𝐸𝑉

) 𝐴𝑉
𝑆 + (1 + 2

√𝑠𝑉
𝐸𝑉

) 1√
2

𝐴𝑉
𝐷] .

(D.2)

They have been calculated in [175] using the 3𝑃0 QPCM [177]

𝐴𝑆(𝐾1(1270) → 𝐾∗𝜋/𝐾𝜌) = 𝑆(𝐾1𝐾∗𝜋/𝐾1𝐾𝜌)(
√

2 sin(𝜃𝐾1) ∓ cos (𝜃𝐾1)) ,
𝐴𝐷(𝐾1(1270) → 𝐾∗𝜋/𝐾𝜌) = 𝐷(𝐾1𝐾∗𝜋/𝐾1𝐾𝜌)(− sin(𝜃𝐾1) ∓

√
2 cos (𝜃𝐾1)) ,

𝐴𝑆(𝐾1(1400) → 𝐾∗𝜋/𝐾𝜌) = 𝑆(𝐾1𝐾∗𝜋/𝐾1𝐾𝜌)(
√

2 cos(𝜃𝐾1) ± sin (𝜃𝐾1)) ,
𝐴𝐷(𝐾1(1400) → 𝐾∗𝜋/𝐾𝜌) = 𝐷(𝐾1𝐾∗𝜋/𝐾1𝐾𝜌)(− cos(𝜃𝐾1) ±

√
2 sin (𝜃𝐾1)) ,

(D.3)

with

𝑆(𝐴𝐵𝐶) = 𝛾√3
2

2𝐼 (𝐴𝐵𝐶)
1 − 𝐼 (𝐴𝐵𝐶)

0
18

exp(−𝛽′(𝑝2 − 𝑝2
0)) ,

𝐷(𝐴𝐵𝐶) = 𝛾√3
2

𝐼 (𝐴𝐵𝐶)
1 + 𝐼 (𝐴𝐵𝐶)

0
18

exp(−𝛽′(𝑝2 − 𝑝2
0)) .

(D.4)

Here, 𝑝0 is the decay momentum when all particles are on-shell and 𝛽′ ≈ 3GeV−2. For
𝐾1(1270) → 𝐾𝜌, an on-shell decay is not possible since the mass of the 𝐾1(1270) is too
small. Therefore, the momentum 𝑝0 is set to zero. Note, that the amplitudes 𝐴𝑆/𝐷 in
(D.3) are given in non-relativistic phase space conventions. Therefore, one has to add a
phase space correction

𝐴𝑅
𝑆/𝐷 = 4𝜋3/2√𝑠2 − (𝑠2

𝑉 − 𝑚2
𝑃)2

√
𝑠

𝐴𝑁𝑅
𝑆/𝐷 (D.5)

to obtain the relativistic decay amplitudes. 𝛾 = 4.0 ± 0.5 is a dimensionless constant and
𝜃𝐾1 = 59∘ ± 10∘ [175] is the mixing angle of the spin singlet and triplet states

|𝐾1(1270)⟩ = |𝐾1𝐴⟩ sin 𝜃𝐾1
+ |𝐾1𝐵⟩ cos 𝜃𝐾1

,
|𝐾1(1400)⟩ = |𝐾1𝐴⟩ cos 𝜃𝐾1

− |𝐾1𝐵⟩ sin 𝜃𝐾1
,

(D.6)

- 151 -- 151 -



D Auxiliary information on the helicity amplitude

Finally, the functions 𝐼 (𝐴𝐵𝐶)
0,1 are given by

𝐼 (𝐴𝐵𝐶)
0 = −4

√
3

𝜋5/4
𝑅5/2

𝐴 (𝑅𝐵𝑅𝐶)3/2

(𝑅2
𝐴 + 𝑅2

𝐵 + 𝑅2
𝐶)5/2 (1 − ⃗𝑝2

𝐵
(2𝑅2

𝐴 + 𝑅2
𝐵 + 𝑅2

𝐶)(𝑅2
𝐵 + 𝑅2

𝐶)
4(𝑅2

𝐴 + 𝑅2
𝐵 + 𝑅2

𝐶)
)

× exp(− ⃗𝑝2
𝐵

𝑅2
𝐴(𝑅2

𝐵 + 𝑅2
𝐶)

8(𝑅2
𝐴 + 𝑅2

𝐵 + 𝑅2
𝐶)

) ,

𝐼 (𝐴𝐵𝐶)
1 = 4

√
3

𝜋5/4
𝑅5/2

𝐴 (𝑅𝐵𝑅𝐶)3/2

(𝑅2
𝐴 + 𝑅2

𝐵 + 𝑅2
𝐶)5/2 exp(− ⃗𝑝2

𝐵
𝑅2

𝐴(𝑅2
𝐵 + 𝑅2

𝐶)
8(𝑅2

𝐴 + 𝑅2
𝐵 + 𝑅2

𝐶)
) ,

(D.7)

where 𝑅𝑖 is the meson wave function radius. For the numerical evaluation the common
harmonic oscillator radius 𝑅 = 2.5GeV−1 was used [175, 222]. In this case, the functions
simplify to

𝐼 (𝐴𝐵𝐶)
0 = − 4

√
𝑅

9𝜋5/4 (1 − 2
3

⃗𝑝2
𝐵𝑅2) exp(− ⃗𝑝2

𝐵𝑅2

12
) ,

𝐼 (𝐴𝐵𝐶)
1 = 4

√
𝑅

9𝜋5/4 exp(− ⃗𝑝2
𝐵𝑅2

12
) ,

(D.8)
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E Approximate flavor symmetries

We use the approximate 𝑆𝑈(3)𝐹 symmetry of QCD, as well as its three 𝑆𝑈(2) subgroups,
to determine relations between form factors and decay amplitudes 𝒜(𝐵𝑐 → 𝐵𝛾).

E.1 Relations between vacuum → 𝑃𝑃→ 𝑃𝑃→ 𝑃𝑃 form factors

The form factors required in section 4.2.3 are mostly unknown. However, all required
𝑓𝑃1𝑃2 can be determined from the form factors given in section B.1 as well as isospin
relations. The isospin states of the pseudoscalar octet are given in Table E.1. In subsection
E.1.1, the relations of the Pion and Kaon form factors are addressed. Subsequently, the
relations between the 𝐾𝜋 form factors are discussed in subsection E.1.2.

E.1.1 Relations for Pion and Kaon form factors

The isotriplet partner of the neutral current

𝑗(𝐼=1)
𝜇 = 1√

2
(�̄�𝛾𝜇𝑢 − ̄𝑑𝛾𝜇𝑑) (E.1)

are the charged currents

𝑗−
𝜇 = �̄�𝛾𝜇𝑑 , and 𝑗+

𝜇 = ̄𝑑𝛾𝜇𝑢 . (E.2)

They change the isospin and its third component, ∣𝑗−
𝜇 ⟩ = − |1, 1⟩𝐼 and ∣𝑗+

𝜇 ⟩ = |1, −1⟩𝐼.
The isospin representations of the two particle final states are given by

|𝐾+𝐾−⟩ = ∣1
2

, 1
2

⟩
𝐼

∣1
2

, −1
2

⟩
𝐼

= 1√
2

|1, 0⟩𝐼 + 1√
2

|0, 0⟩𝐼 ,

∣𝐾0𝐾0⟩ = − ∣1
2

, −1
2

⟩
𝐼

∣1
2

, 1
2

⟩
𝐼

= − 1√
2

|1, 0⟩𝐼 + 1√
2

|0, 0⟩𝐼 ,

∣𝐾+𝐾0⟩ = − ∣1
2

, 1
2

⟩
𝐼

∣1
2

, 1
2

⟩
𝐼

= − |1, 1⟩𝐼 ,

|𝜋+𝜋−⟩ = − |1, 1⟩𝐼 |1, −1⟩𝐼 = − 1√
6

|2, 0⟩𝐼 − 1√
2

|1, 0⟩𝐼 − 1√
3

|0, 0⟩𝐼 ,

∣𝜋+𝜋0⟩ = − |1, 1⟩𝐼 |1, 0⟩𝐼 = − 1√
2

|2, 1⟩𝐼 − 1√
2

|1, 1⟩𝐼 .

(E.3)
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E Approximate flavor symmetries

Particle Quarks 𝑆𝑈(3)𝐹 Isospin U-Spin V-spin
|𝑢⟩ 𝑢 ∣3, 1

3 , 1
2 , 1

2⟩ ∣1
2 , 1

2⟩
𝐼

|0, 0⟩𝑈 ∣1
2 , 1

2⟩
𝑉

|𝑑⟩ 𝑑 ∣3, 1
3 , 1

2 , −1
2⟩ ∣1

2 , −1
2⟩

𝐼
∣1
2 , 1

2⟩
𝑈

|0, 0⟩𝑉
|𝑠⟩ 𝑠 ∣3, −2

3 , 0, 0⟩ |0, 0⟩𝐼 ∣1
2 , −1

2⟩
𝑈

∣1
2 , −1

2⟩
𝑉

|𝑢⟩ 𝑢 ∣3, −1
3 , 1

2 , −1
2⟩ ∣1

2 , −1
2⟩

𝐼
|0, 0⟩𝑈 ∣1

2 , −1
2⟩

𝑉
∣𝑑⟩ 𝑑 ∣3, −1

3 , 1
2 , 1

2⟩ − ∣1
2 , 1

2⟩
𝐼

∣1
2 , −1

2⟩
𝑈

|0, 0⟩𝑉
|𝑠⟩ 𝑠 ∣3, 2

3 , 0, 0⟩ |0, 0⟩𝐼 − ∣1
2 , 1

2⟩
𝑈

− ∣1
2 , 1

2⟩
𝑉

∣𝐷0⟩ 𝑐𝑢 ∣3, −1
3 , 1

2 , −1
2⟩ ∣1

2 , −1
2⟩

𝐼
|0, 0⟩𝑈 ∣1

2 , −1
2⟩

𝑉
|𝐷+⟩ 𝑐𝑑 ∣3, −1

3 , 1
2 , 1

2⟩ − ∣1
2 , 1

2⟩
𝐼

∣1
2 , −1

2⟩
𝑈

|0, 0⟩𝑉
|𝐷𝑠⟩ 𝑐𝑠 ∣3, 2

3 , 0, 0⟩ |0, 0⟩𝐼 − ∣1
2 , 1

2⟩
𝑈

− ∣1
2 , 1

2⟩
𝑉

|𝜂8⟩ 1√
6(𝑢𝑢 + 𝑑𝑑 − 2𝑠𝑠) |8, 0, 0, 0⟩ |0, 0⟩𝐼

√
3

2 |1, 0⟩𝑈 − 1
2 |0, 0⟩𝑈

√
3

2 |1, 0⟩𝑉 − 1
2 |0, 0⟩𝑉

|𝜋+⟩ 𝑢𝑑 |8, 0, 1, 1⟩ − |1, 1⟩𝐼 ∣1
2 , −1

2⟩1
𝑈

∣1
2 , 1

2⟩1
𝑉

∣𝜋0⟩ 1√
2(𝑢𝑢 − 𝑑𝑑) |8, 0, 1, 0⟩ |1, 0⟩𝐼 −1

2 |1, 0⟩𝑈 −
√

3
2 |0, 0⟩𝑈

1
2 |1, 0⟩𝑉 +

√
3

2 |0, 0⟩𝑉
|𝜋−⟩ 𝑑𝑢 |8, 0, 1, −1⟩ |1, −1⟩𝐼 ∣1

2 , 1
2⟩2

𝑈
∣1
2 , −1

2⟩2
𝑉

|𝐾+⟩ 𝑢𝑠 ∣8, 1, 1
2 , 1

2⟩ ∣1
2 , 1

2⟩
𝐼

− ∣1
2 , 1

2⟩1
𝑈

− |1, 1⟩𝑉
∣𝐾0⟩ 𝑑𝑠 ∣8, 1, 1

2 , −1
2⟩ ∣1

2 , −1
2⟩

𝐼
− |1, 1⟩𝑈 − ∣1

2 , 1
2⟩2

𝑉
∣𝐾0⟩ 𝑠𝑑 ∣8, −1, 1

2 , 1
2⟩ − ∣1

2 , 1
2⟩

𝐼
|1, −1⟩𝑈 ∣1

2 , −1
2⟩1

𝑉
|𝐾−⟩ 𝑠𝑢 ∣8, −1, 1

2 , −1
2⟩ ∣1

2 , −1
2⟩

𝐼
∣1
2 , −1

2⟩2
𝑈

|1, −1⟩𝑉

Table E.1: Isospin, 𝑈-spin and 𝑉-spin wave functions of quarks and (charmed) mesons,
analogously to [223]. The superscript 1, 2 refer to different doublets within the baryon
and meson octet.

Thus, the matrix elements can be decomposed into one isotriplet and two isosinglet
contributions as follows

⟨𝐾+𝐾−|𝑗em
𝜇 |0⟩ = 1

2
𝐴(𝐼=1)

𝜇 + 1
6

𝐴(𝐼=0)
𝜇 − 1

3
𝐴𝑠

𝜇 ,

⟨𝐾0𝐾0|𝑗em
𝜇 |0⟩ = −1

2
𝐴(𝐼=1)

𝜇 + 1
6

𝐴(𝐼=0)
𝜇 − 1

3
𝐴𝑠

𝜇 ,

⟨𝐾+𝐾0|𝑗−
𝜇 |0⟩ = 𝐴(𝐼=1)

𝜇 ,

⟨𝜋+𝜋−|𝑗em
𝜇 |0⟩ = −1

2
𝐴(𝐼=1)

𝜇 ,

⟨𝜋+𝜋0|𝑗−
𝜇 |0⟩ = 1√

2
𝐴(𝐼=1)

𝜇 .

(E.4)

E.1.2 Relations for 𝜋𝐾𝜋𝐾𝜋𝐾 form factors

There are four relevant vector currents that contain a strange quark field, which form two
isospin doublets

𝑗0
𝜇 = ̄𝑠𝛾𝜇𝑑 ,

𝑗+
𝜇 = ̄𝑠𝛾𝜇𝑢 , and

𝑗−
𝜇 = �̄�𝛾𝜇𝑠 ,

𝑗0
𝜇 = ̄𝑑𝛾𝜇𝑠 . (E.5)
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E.1 Relations between vacuum→ 𝑃𝑃 form factors

The isospin representations of these currents read ∣𝑗0
𝜇⟩ = − ∣1

2 , 1
2⟩

𝐼
, ∣𝑗+

𝜇 ⟩ = ∣1
2 , −1

2⟩
𝐼
,

∣𝑗−
𝜇 ⟩ = ∣1

2 , 1
2⟩

𝐼
and ∣𝑗0

𝜇⟩ = ∣1
2 , −1

2⟩
𝐼
. The two particle final states are given by

∣𝐾𝜋−⟩ = − ∣1
2

, 1
2

⟩ |1, −1⟩ = −√1
3

∣3
2

, −1
2

⟩ + √2
3

∣1
2

, −1
2

⟩ ,

|𝐾−𝜋+⟩ = − ∣1
2

, −1
2

⟩ |1, 1⟩ = −√1
3

∣3
2

, 1
2

⟩ − √2
3

∣1
2

, 1
2

⟩ ,

∣𝐾𝜋0⟩ = − ∣1
2

, 1
2

⟩ |1, 0⟩ = −√2
3

∣3
2

, 1
2

⟩ + √1
3

∣1
2

, 1
2

⟩ ,

∣𝐾0𝜋+⟩ = − ∣1
2

, −1
2

⟩ |1, 1⟩ = −√1
3

∣3
2

, 1
2

⟩ − √2
3

∣1
2

, 1
2

⟩ ,

∣𝐾+𝜋0⟩ = ∣1
2

, 1
2

⟩ |1, 0⟩ = √2
3

∣3
2

, 1
2

⟩ − √1
3

∣1
2

, 1
2

⟩ ,

∣𝐾0𝜋0⟩ = ∣1
2

, −1
2

⟩ |1, 0⟩ = √2
3

∣3
2

, −1
2

⟩ + √1
3

∣1
2

, −1
2

⟩ ,

|𝐾+𝜋−⟩ = ∣1
2

, 1
2

⟩ |1, −1⟩ = √1
3

∣3
2

, −1
2

⟩ − √2
3

∣1
2

, −1
2

⟩ .

(E.6)

The isospin symmetry allows to determine relations between form factors if the currents
are in the same doublet. We start with the isospin decomposition of all matrix elements
from the first doublet

⟨𝐾0𝜋−|𝑗+
𝜇 |0⟩ = +√2

3
𝐴1

𝜇 ,

⟨𝐾−𝜋+|𝑗0
𝜇|0⟩ = +√2

3
𝐴1

𝜇 ,

⟨𝐾0𝜋0|𝑗0
𝜇|0⟩ = −√1

3
𝐴1

𝜇 ,

(E.7)

which yields 𝑓𝐾0𝜋−

+ = −𝑓𝜋+𝐾−

+ = 1√
2𝑓𝜋0𝐾0

+ . Analogously, for the second doublet we get

⟨𝐾0𝜋+|𝑗−
𝜇 |0⟩ = −√2

3
𝐴2

𝜇 ,

⟨𝐾+𝜋0|𝑗−
𝜇 |0⟩ = −√1

3
𝐴2

𝜇 ,

⟨𝐾0𝜋0|𝑗0
𝜇|0⟩ = +√1

3
𝐴2

𝜇 ,

⟨𝐾+𝜋−|𝑗0
𝜇|0⟩ = −√2

3
𝐴2

𝜇 ,

(E.8)

which gives rise to 𝑓𝜋+𝐾0

+ = − 1√
2𝑓𝐾+𝜋0

+ = − 1√
2𝑓𝜋0𝐾0

+ = −𝑓𝐾+𝜋−

+ . The two different
currents are connected due to C-parity 𝑓𝐾0𝜋−

+ = 𝑓𝜋+𝐾0

+ . These relations are in agreement
with results from 𝜒PT.
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E.2 Baryonic decays

In this section, we provide additional information on flavor relations for 𝐵𝑐 → 𝐵𝛾 decay
amplitudes. 𝑆𝑈(3)𝐹 and 𝑆𝑈(2)𝐼,𝑈,𝑉 wave functions of baryons are listed in Table E.2. In
subsection E.2.1 we show the U-spin decompositions of 𝐵𝑐3/𝑐6 → 𝐵8𝛾 decays. Subsequently,
we provide analogous information for 𝑆𝑈(3)𝐹 on the same decay modes in subsection
E.2.2. Furthermore, we list the relevant decompositions of products of 𝑆𝑈(3)𝐹 operators
and charm baryons wave functions in irreducible representations. 𝐵𝑐6 → 𝐵10𝛾 decays are
covered in subsection E.2.3.

Particle Quarks 𝑆𝑈(3)𝐹 Isospin U-Spin V-spin
|𝛬𝑐⟩ cud |3, 2

3 , 0, 0⟩ |0, 0⟩𝐼 |1
2 , 1

2⟩𝑈 |1
2 , 1

2⟩𝑉
|𝛯0

𝑐 ⟩ cds |3, −1
3 , 1

2 , −1
2⟩ |1

2 , −1
2⟩𝐼 |0, 0⟩𝑈 |1

2 , −1
2⟩𝑉

|𝛯+
𝑐 ⟩ cus |3, −1

3 , 1
2 , 1

2⟩ |1
2 , 1

2⟩𝐼 |1
2 , −1

2⟩𝑈 |0, 0⟩𝑉

|𝛺𝑐⟩ css |6, −4
3 , 0, 0⟩ |0, 0⟩𝐼 |1, −1⟩𝑈 |1, −1⟩𝑉

|𝛯′0
𝑐 ⟩ cds |6, −1

3 , 1
2 , −1

2⟩ |1
2 , −1

2⟩𝐼 |1, 0⟩𝑈 |1
2 , −1

2⟩𝑉
|𝛯′+

𝑐 ⟩ cus |6, −1
3 , 1

2 , 1
2⟩ |1

2 , 1
2⟩𝐼 |1

2 , −1
2⟩𝑈 |1, 0⟩𝑉

|𝛴0
𝑐 ⟩ cdd |6, 2

3 , 1, −1⟩ |1, −1⟩𝐼 |1, 1⟩𝑈 |0, 0⟩𝑉
|𝛴+

𝑐 ⟩ cud |6, 2
3 , 1, 0⟩ |1, 0⟩𝐼 |1

2 , 1
2⟩𝑈 |1

2 , 1
2⟩𝑉

|𝛴++
𝑐 ⟩ cuu |6, 2

3 , 1, 1⟩ |1, 1⟩𝐼 |0, 0⟩𝑈 |1, 1⟩𝑉

|𝛬⟩ uds |8, 0, 0, 0⟩ |0, 0⟩𝐼

√
3

2 |1, 0⟩𝑈 − 1
2 |0, 0⟩𝑈 −

√
3

2 |1, 0⟩𝑉 + 1
2 |0, 0⟩𝑉

|𝛴0⟩ uds |8, 0, 1, 0⟩ |1, 0⟩𝐼
1
2 |1, 0⟩𝑈 +

√
3

2 |0, 0⟩𝑈
1
2 |1, 0⟩𝑉 +

√
3

2 |0, 0⟩𝑉
|𝛴−⟩ dds |8, 0, 1, −1⟩ |1, −1⟩𝐼 |1

2 , 1
2⟩1

𝑈 |1
2 , −1

2⟩1
𝑉

|𝛴+⟩ uus |8, 0, 1, 1⟩ |1, 1⟩𝐼 |1
2 , −1

2⟩2
𝑈 |1

2 , 1
2⟩2

𝑉
|𝛯0⟩ uss |8, −1, 1

2 , 1
2⟩ |1

2 , 1
2⟩1

𝐼 |1, −1⟩𝑈 |1
2 , −1

2⟩2
𝑉

|𝛯−⟩ dss |8, −1, 1
2 , −1

2⟩ |1
2 , −1

2⟩1
𝐼 |1

2 , −1
2⟩1

𝑈 |1, −1⟩𝑉
|𝑛⟩ udd |8, 1, 1

2 , −1
2⟩ |1

2 , −1
2⟩2

𝐼 |1, 1⟩𝑈 |1
2 , 1

2⟩1
𝑉

|𝑝⟩ uud |8, 1, 1
2 , 1

2⟩ |1
2 , 1

2⟩2
𝐼 |1

2 , 1
2⟩2

𝑈 |1, 1⟩𝑉

|𝛥++⟩ uuu |10, 1, 3
2 , 3

2⟩ |3
2 , 3

2⟩𝐼 |0, 0⟩𝑈 |3
2 , 3

2⟩𝑉
|𝛥+⟩ uud |10, 1, 3

2 , 1
2⟩ |3

2 , 1
2⟩𝐼 |1

2 , 1
2⟩𝑈 |1, 1⟩𝑉

|𝛥0⟩ udd |10, 1, 3
2 , −1

2⟩ |3
2 , −1

2⟩𝐼 |1, 1⟩𝑈 |1
2 , 1

2⟩𝑉
|𝛥−⟩ ddd |10, 1, 3

2 , −3
2⟩ |3

2 , −3
2⟩𝐼 |3

2 , 3
2⟩𝑈 |0, 0⟩𝑉

|𝛴∗+⟩ uus |10, 0, 1, 1⟩ |1, 1⟩𝐼 |1
2 , −1

2⟩𝑈 |3
2 , 1

2⟩𝑉
|𝛴∗0⟩ uds |10, 0, 1, 0⟩ |1, 0⟩𝐼 |1, 0⟩𝑈 |1, 0⟩𝑉
|𝛴∗−⟩ dds |10, 0, 1, −1⟩ |1, −1⟩𝐼 |3

2 , 1
2⟩𝑈 |1

2 , −1
2⟩𝑉

|𝛯∗0⟩ uss |10, −1, 1
2 , 1

2⟩ |1
2 , 1

2⟩𝐼 |1, −1⟩𝑈 |3
2 , −1

2⟩𝑉
|𝛯∗−⟩ dss |10, −1, 1

2 , −1
2⟩ |1

2 , −1
2⟩𝐼 |3

2 , −1
2⟩𝑈 |1, −1⟩𝑉

|𝛺−⟩ sss |10, −2, 0, 0⟩ |0, 0⟩𝐼 |3
2 , −3

2⟩𝑈 |3
2 , −3

2⟩𝑉

Table E.2: 𝑆𝑈(3)𝐹, isospin, 𝑈-spin and 𝑉-spin wave functions of charmed anti-triplet/sextet
baryons and the light baryon octet and decuplet, analogously to [223]. For the 𝑆𝑈(3)𝐹
states we use the convention |𝑅, 𝑌 , 𝐼, 𝐼3⟩. The superscript 1, 2 refer to different doublets
within the baryon octet.
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E.2 Baryonic decays

E.2.1 U-spin decomposition
In Table E.3 and E.5, we show the U-spin decompositions of the SM decay amplitudes for
𝐵𝑐3 → 𝐵8𝛾 and 𝐵𝑐6 → 𝐵8𝛾, respectively. In Table E.4 and E.6, we show the Iso- and U-
spin decomposition of the 𝑐 → 𝑢𝛾 contributions. Note that the 𝑐 → 𝑢𝛾 contributions have
the same U-spin structure as the SM singlet operator. On the one hand, we distinguish
between them as we study possible BSM effects in the electromagnetic dipole operators.
On the other hand, differentiation enables us to use the additional simple isospin relations
between the amplitudes of the dipole operators.

Decay ⟨1
2 |1|1

2⟩ ⟨1|1|0⟩ ⟨1
2 |0|1

2⟩ ⟨0|0|0⟩
𝛬𝑐 → 𝛴+𝛾 √2

3𝑉 ∗
𝑐𝑠𝑉𝑢𝑑 0 - -

𝛯0
𝑐 → 𝛯0𝛾 0 −𝑉 ∗

𝑐𝑠𝑉𝑢𝑑 - -
𝛬𝑐 → 𝑝𝛾 −√2

3𝛴 0
√

2𝛥 0

𝛯+
𝑐 → 𝛴+𝛾 √2

3𝛴 0
√

2𝛥 0

𝛯0
𝑐 → 𝛬𝛾 0 √3

2𝛴 0 − 1√
2𝛥

𝛯0
𝑐 → 𝛴0𝛾 0 1√

2𝛴 0
√

3√
2𝛥

𝛯+
𝑐 → 𝑝𝛾 √2

3𝑉 ∗
𝑐𝑑𝑉𝑢𝑠 0 - -

𝛯0
𝑐 → 𝑛𝛾 0 𝑉 ∗

𝑐𝑑𝑉𝑢𝑠 - -
Table E.3: U-Spin decomposition of the SM decay amplitudes for the charmed anti-triplet
baryons. In the matrix element ⟨𝑈(𝑓)|𝑈(𝑂)|𝑈(𝑖)⟩, 𝑈(𝑓), 𝑈(𝑂) and 𝑈(𝑖) denote the 𝑈-spin
of the final state, the U-spin changing operators and the initial state, respectively. The
matrix elements are related to the amplitudes in Table 6.1 as follows: 𝐴𝛴 ∼ √2

3 ⟨1
2 |1|1

2⟩,
𝐴′

𝛴 ∼ − ⟨1|1|0⟩, 𝐴𝛥 ∼
√

2 ⟨1
2 |0|1

2⟩ and 𝐴′
𝛥 ∼

√
2 ⟨0|0|0⟩.

Decay ⟨1|1
2 |1

2⟩
𝐼

⟨1
2 |0|1

2⟩
𝑈

⟨0|0|0⟩𝑈
𝛬𝑐 → 𝑝𝛾 1 1 0
𝛯+

𝑐 → 𝛴+𝛾 0 1 0
𝛯0

𝑐 → 𝛬𝛾 0 0 −1
2

𝛯0
𝑐 → 𝛴0𝛾 √1

2 0
√

3
2

Table E.4: Iso- and U-spin decomposition of the BSM contribution for the charm anti-
triplet baryons. The matrix elements are related to the amplitudes in Table 6.1 as follows:
𝐴′

7 ∼ ⟨1
2 |0|1

2⟩
𝑈
and 𝐴7 ∼ ⟨0|0|0⟩𝑈
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E Approximate flavor symmetries

Decay ⟨1
2 |1|1

2⟩ ⟨1|1|1⟩ ⟨0|1|1⟩ ⟨1
2 |0|1

2⟩ ⟨1|0|1⟩
𝛴+

𝑐 → 𝛴+𝛾 √2
3𝑉 ∗

𝑐𝑠𝑉𝑢𝑑 0 0 - -
𝛴0

𝑐 → 𝛬𝛾 0
√

3
2

√
2𝑉 ∗

𝑐𝑠𝑉𝑢𝑑
1

2
√

3𝑉 ∗
𝑐𝑠𝑉𝑢𝑑 - -

𝛴0
𝑐 → 𝛴0𝛾 0 1

2
√

2𝑉 ∗
𝑐𝑠𝑉𝑢𝑑 −1

2𝑉 ∗
𝑐𝑠𝑉𝑢𝑑 - -

𝛯′0
𝑐 → 𝛯0𝛾 0 1√

2𝑉 ∗
𝑐𝑠𝑉𝑢𝑑 0 - -

𝛴+
𝑐 → 𝑝𝛾 −√2

3𝛴 0 0
√

2𝛥 0
𝛴0

𝑐 → 𝑛𝛾 0 −𝛴 0 0
√

2𝛥
𝛯′+

𝑐 → 𝛴+𝛾 √2
3𝛴 0 0

√
2𝛥 0

𝛯′0
𝑐 → 𝛬𝛾 0 0 1√

6𝛴 0 √3
2𝛥

𝛯′0
𝑐 → 𝛴0𝛾 0 0 − 1√

2𝛴 0 1√
2𝛥

𝛺𝑐 → 𝛯0𝛾 0 𝛴 0 0
√

2𝛥
𝛯′+

𝑐 → 𝑝𝛾 √2
3𝑉 ∗

𝑐𝑑𝑉𝑢𝑠 0 0 - -
𝛯′0

𝑐 → 𝑛𝛾 0 1√
2𝑉 ∗

𝑐𝑑𝑉𝑢𝑠 0 - -
𝛺𝑐 → 𝛬𝛾 0

√
3

2
√

2𝑉 ∗
𝑐𝑑𝑉𝑢𝑠 − 1

2
√

3𝑉 ∗
𝑐𝑑𝑉𝑢𝑠 - -

𝛺𝑐 → 𝛴0𝛾 0 1
2

√
2𝑉 ∗

𝑐𝑑𝑉𝑢𝑠
1
2𝑉 ∗

𝑐𝑑𝑉𝑢𝑠 - -
Table E.5: U-Spin decomposition of the SM decay amplitudes for the charmed sextet
baryons. In the matrix element ⟨𝑈(𝑓)|𝑈(𝑂)|𝑈(𝑖)⟩, 𝑈(𝑓), 𝑈(𝑂) and 𝑈(𝑖) denote the U-spin
of the final state, the U-spin changing operators and the initial state, respectively. The
matrix elements are related to the amplitudes in Table 6.2 as follows: 𝐸𝛴 ∼ √2

3 ⟨1
2 |1|1

2⟩,
𝐸′

𝛴 ∼ ⟨1|1|1⟩, 𝐸′′
𝛴 ∼ ⟨0|1|1⟩, 𝐸𝛥 ∼

√
2 ⟨1

2 |1|1
2⟩ and 𝐸′

𝛥 ∼
√

2 ⟨0|0|0⟩.

Decay ⟨1
2 |1

2 |1⟩
𝐼

⟨1
2 |0|1

2⟩
𝑈

⟨1|0|1⟩𝑈

𝛴+
𝑐 → 𝑝𝛾 √1

3 1 0

𝛴0
𝑐 → 𝑛𝛾 √2

3 0 1
𝛯′+

𝑐 → 𝛴+𝛾 0 1 0
𝛯′0

𝑐 → 𝛬𝛾 0 0
√

3
2

𝛯′0
𝑐 → 𝛴0𝛾 0 0 1

2
𝛺𝑐 → 𝛯0𝛾 0 0 1

Table E.6: Iso- and U-spin decomposition of the BSM contribution for the charm sextet
baryons. The matrix elements are related to the amplitudes in Table 6.2 as follows:
𝐸7 ∼ ⟨1

2 |0|1
2⟩

𝑈
and 𝐸′

7 ∼ ⟨1|0|1⟩𝑈
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E.2 Baryonic decays

E.2.2 𝑆𝑈(3)𝐹𝑆𝑈(3)𝐹𝑆𝑈(3)𝐹 decomposition
In this subsection we show the decompositions of the relevant products of 𝑆𝑈(3)𝐹 operators
and charm baryon wave functions in irreducible representations. Subsequently, information
in the 𝑆𝑈(3)𝐹 decomposition of 𝐵𝑐3 → 𝐵8𝛾 and 𝐵𝑐6 → 𝐵8𝛾 decay amplitudes are given
in Table E.7 and E.8, respectively.

𝛬𝑐 → 𝐵8𝛾

6− 2
3 ,1,1 ∣3, 2

3
, 0, 0⟩ = √2

3
|8, 0, 1, 1⟩ + √1

3
∣10, 0, 1, 1⟩

6 1
3 , 1

2 , 1
2

∣3, 2
3

, 0, 0⟩ = √1
3

∣8, 1, 1
2

, 1
2

⟩ + √2
3

∣10, 1, 1
2

, 1
2

⟩
(E.9)

15− 2
3 ,1,1 ∣3, 2

3
, 0, 0⟩ = − 2√

15
|8, 0, 1, 1⟩ + √1

3
|10, 0, 1, 1⟩ + √2

5
|27, 0, 1, 1⟩

15 1
3 , 1

2 , 1
2

∣3, 2
3

, 0, 0⟩ = −√1
5

∣8, 1, 1
2

, 1
2

⟩ + 2√
5

∣27, 1, 1
2

, 1
2

⟩

15 1
3 , 3

2 , 1
2

∣3, 2
3

, 0, 0⟩ = √1
2

∣10, 1, 3
2

, 1
2

⟩ + √1
2

∣27, 1, 3
2

, 1
2

⟩

(E.10)

3 1
3 , 1

2 , 1
2

∣3, 2
3

, 0, 0⟩ = ∣8, 1, 1
2

, 1
2

⟩ (E.11)

𝛯+
𝑐 → 𝐵8𝛾

6 1
3 , 1

2 , 1
2

∣3, −1
3

, 1
2

, 1
2

⟩ = −√1
3

|8, 0, 1, 1⟩ + √2
3

∣10, 0, 1, 1⟩

6 4
3 ,0,0 ∣3, −1

3
, 1
2

, 1
2

⟩ = −√2
3

∣8, 1, 1
2

, 1
2

⟩ + √1
3

∣10, 1, 1
2

, 1
2

⟩
(E.12)

15 1
3 , 1

2 , 1
2

∣3, −1
3

, 1
2

, 1
2

⟩ = 1
3
√

5
|8, 0, 1, 1⟩ − 2

3
|10, 0, 1, 1⟩ + 2

√
2

3
√

5
|27, 0, 1, 1⟩

15 1
3 , 3

2 , 1
2

∣3, −1
3

, 1
2

, 1
2

⟩ = −2
√

2
3
√

5
|8, 0, 1, 1⟩ − 1

3
√

2
|10, 0, 1, 1⟩

, − 1
2
√

15
|27, 0, 1, 1⟩ +

√
3

2
|27, 0, 2, 1⟩

15 4
3 ,1,0 ∣3, −1

3
, 1
2

, 1
2

⟩ = − 2√
15

∣8, 1, 1
2

, 1
2

⟩ − 1√
15

∣17, 1, 1
2

, 1
2

⟩

− √1
3

∣10, 1, 3
2

, 1
2

⟩ + √1
3

∣27, 1, 3
2

, 1
2

⟩

(E.13)

3 1
3 , 1

2 , 1
2

∣3, −1
3

, 1
2

, 1
2

⟩ = |8, 0, 1, 1⟩ (E.14)
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𝛯0
𝑐 → 𝐵8𝛾

6− 2
3 ,1,1 ∣3, −1

3
, 1
2

, −1
2

⟩ = √2
3

∣8, −1, 1
2

, 1
2

⟩ + √1
3

∣10, −1, 3
2

, 1
2

⟩

6 1
3 , 1

2 , 1
2

∣3, −1
3

, 1
2

, −1
2

⟩ = √1
2

|8, 0, 0, 0⟩ − √1
6

|8, 0, 1, 0⟩ + √1
3

∣10, 0, 1, 0⟩

6 4
3 ,0,0 ∣3, −1

3
, 1
2

, −1
2

⟩ = −√2
3

∣8, 1, 1
2

, −1
2

⟩ + √1
3

∣10, 1, 1
2

, −1
2

⟩

(E.15)

15− 2
3 ,1,1 ∣3, −1

3
, 1
2

, −1
2

⟩ = 2√
15

∣8, −1, 1
2

, 1
2

⟩ + √1
3

∣10, −1, 1
2

, 1
2

⟩

+ √ 1
15

∣27, −1, 1
2

, 1
2

⟩ + √1
3

∣27, −1, 3
2

, 1
2

⟩

15 1
3 , 1

2 , 1
2

∣3, −1
3

, 1
2

, −1
2

⟩ = √ 3
10

|8, 0, 0, 0⟩ + 1
3
√

10
|8, 0, 1, 0⟩ −

√
2

3
|10, 0, 1, 0⟩

+ √1
5

|27, 0, 0, 0⟩ + 2√
15

|27, 0, 1, 0⟩

15 1
3 , 3

2 , 1
2

∣3, −1
3

, 1
2

, −1
2

⟩ = 4
3
√

5
|8, 0, 1, 0⟩ + 1

3
|10, 0, 1, 0⟩

, + √ 1
30

|27, 0, 1, 0⟩ + √1
2

|27, 0, 2, 0⟩

15 4
3 ,1,0 ∣3, −1

3
, 1
2

, −1
2

⟩ = 2√
15

∣8, 1, 1
2

, −1
2

⟩ + √ 1
15

∣27, 1, 1
2

, −1
2

⟩

− √1
3

∣10, 1, 3
2

, −1
2

⟩ + √1
3

∣27, 1, 3
2

, −1
2

⟩

(E.16)

3 1
3 , 1

2 , 1
2

∣3, −1
3

, 1
2

, −1
2

⟩ = √1
3

|1, 0, 0, 0⟩ − √1
6

|8, 0, 0, 0⟩ + √1
2

|8, 0, 1, 0⟩ (E.17)

𝛴++
𝑐 → 𝐵10𝛾

6 1
3 , 1

2 , 1
2

∣6, 2
3

, 1, 1⟩ = ∣27, 1, 3
2

, 3
2

⟩ (E.18)

15 1
3 , 1

2 , 1
2

∣6, 2
3

, 1, 1⟩ = −1
3

∣10, 1, 3
2

, 3
2

⟩ − √1
3

∣27, 1, 3
2

, 3
2

⟩ +
√

5
3

∣35, 1, 3
2

, 3
2

⟩

15 1
3 , 3

2 , 1
2

∣6, 2
3

, 1, 1⟩ = −
√

2
3

∣10, 1, 3
2

, 3
2

⟩ + √1
6

∣27, 1, 3
2

, 3
2

⟩

− 1
3
√

10
∣35, 1, 3

2
, 3
2

⟩ + √3
5

∣35, 1, 5
2

, 3
2

⟩

(E.19)

3 1
3 , 1

2 , 1
2

∣6, 2
3

, 1, 1⟩ = ∣10, 1, 3
2

, 3
2

⟩ (E.20)
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E.2 Baryonic decays

𝛴+
𝑐 → 𝐵8/10𝛾

6− 2
3 ,1,1 ∣6, 2

3
, 1, 0⟩ = √2

5
|8, 0, 1, 1⟩ − √ 1

10
|27, 0, 1, 1⟩ + √1

2
|27, 0, 2, 1⟩

6 1
3 , 1

2 , 1
2

∣6, 2
3

, 1, 0⟩ = √1
5

∣8, 1, 1
2

, 1
2

⟩ − √ 2
15

∣27, 1, 1
2

, 1
2

⟩ + √2
3

∣27, 1, 3
2

, 1
2

⟩
(E.21)

15− 2
3 ,1,1 ∣6, 2

3
, 1, 0⟩ = − 2

3
√

5
|8, 0, 1, 1⟩ +

√
2

3
|10, 0, 1, 1⟩ + 1

3
∣10, 0, 1, 1⟩

− √ 1
10

|27, 0, 1, 1⟩ − 1
6

|35, 0, 1, 1⟩

− 1
2

|27, 0, 2, 1⟩ + 1
2

|35, 0, 2, 1⟩

15 1
3 , 1

2 , 1
2

∣6, 2
3

, 1, 0⟩ = 1
3
√

15
∣8, 1, 1

2
, 1
2

⟩ + 2
3
√

3
∣10, 1, 1

2
, 1
2

⟩ − 2
√

2
3
√

5
∣27, 1, 1

2
, 1
2

⟩

−
√

2
3
√

3
∣10, 1, 3

2
, 1
2

⟩ −
√

2
3

∣27, 1, 3
2

, 1
2

⟩ +
√

10
3
√

3
∣35, 1, 3

2
, 1
2

⟩

15 1
3 , 3

2 , 1
2

∣6, 2
3

, 1, 0⟩ = 4
√

2
3
√

15
∣8, 1, 1

2
, 1
2

⟩ −
√

2
3
√

3
∣10, 1, 1

2
, 1
2

⟩ − 1
5
√

3
∣27, 1, 1

2
, 1
2

⟩

+ 1
3
√

3
∣10, 1, 3

2
, 1
2

⟩ − 1
6

∣27, 1, 3
2

, 1
2

⟩ − 1
6
√

15
∣35, 1, 3

2
, 1
3

⟩

+ √3
5

∣35, 1, 5
2

, 1
2

⟩

(E.22)

3 1
3 , 1

2 , 1
2

∣6, 2
3

, 1, 0⟩ = −√1
3

∣8, 1, 1
2

, 1
2

⟩ + √2
3

∣10, 1, 1
2

, 1
2

⟩ (E.23)

𝛴0
𝑐 → 𝐵8/10𝛾

6− 2
3 ,1,1 ∣6, 2

3
, 1, −1⟩ = √1

6
|1, 0, 0, 0⟩ − √ 2

15
|8, 0, 0, 0⟩ + √ 1

30
|27, 0, 0, 0⟩

√2
5

|8, 0, 1, 0⟩ − √ 1
10

|27, 0, 1, 0⟩ + √1
6

|27, 0, 2, 0⟩

6 1
3 , 1

2 , 1
2

∣6, 2
3

, 1, −1⟩ = √2
5

∣8, 1, 1
2

, −1
2

⟩ − 2√
15

∣27, 1, 1
2

, −1
2

⟩ + √1
3

∣27, 1, 3
2

, −1
2

⟩

(E.24)
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E Approximate flavor symmetries

15− 2
3 ,1,1 ∣6, 2

3
, 1, −1⟩ = −√ 2

15
|8, 0, 0, 0⟩ + √ 1

30
|27, 0, 0, 0⟩ − 2

3
√

5
|8, 0, 1, 0⟩

+
√

2
3

|10, 0, 1, 0⟩ + √1
3

∣10, 0, 1, 0⟩ − √ 1
20

|27, 0, 1, 0⟩

− 1
6

|35, 0, 1, 0⟩ − √1
6

|27, 0, 2, 0⟩ + √1
6

|35, 0, 2, 0⟩

15 1
3 , 1

2 , 1
2

∣6, 2
3

, 1, −1⟩ =
√

2
3
√

15
∣8, 1, 1

2
, −1

2
⟩ + 2

√
2

3
√

3
∣10, 1, 1

2
, −1

2
⟩ − 4

3
√

5
∣27, 1, 1

2
, −1

2
⟩

− 1
3
√

3
∣10, 1, 3

2
, −1

2
⟩ − 1

3
∣27, 1, 3

2
, −1

2
⟩ +

√
5

3
√

3
∣35, 1, 1

2
, −1

2
⟩

15 1
3 , 3

2 , 1
2

∣6, 2
3

, 1, −1⟩ = − 4
3
√

15
∣8, 1, 1

2
, −1

2
⟩ + 1

3
√

3
∣10, 1, 1

2
, −1

2
⟩ − 1

3
√

10
∣27, 1, 1

2
, −1

2
⟩

+ 2
√

2
3
√

3
∣10, 1, 3

2
, −1

2
⟩ − 2

√
2

6
∣27, 1, 3

2
, −1

2
⟩ − 1

8
√

3
∣35, 1, 3

2
, −1

2
⟩

+ √ 3
10

∣35, 1, 5
2

, −1
2

⟩
(E.25)

3 1
3 , 1

2 , 1
2

∣6, 2
3

, 1, −1⟩ = −√2
3

∣8, 1, 1
2

, −1
2

⟩ + √1
3

∣10, 1, 1
2

, −1
2

⟩ (E.26)

𝛯′+
𝑐 → 𝐵8/10𝛾

6 1
3 , 1

2 , 1
2

∣6, −1
3

, 1
2

, 1
2

⟩ = √1
5

|8, 0, 1, 1⟩ + 2√
5

|27, 0, 1, 1⟩

6 4
3 ,0,0 ∣6, −1

3
, 1
2

, 1
2

⟩ = √2
5

∣8, 1, 1
2

, 1
2

⟩ + √3
5

∣27, 1, 1
2

, 1
2

⟩
(E.27)

15 1
3 , 1

2 , 1
2

∣6, −1
3

, 1
2

, 1
2

⟩ = −
√

5
3
√

3
|8, 0, 1, 1⟩ +

√
2

3
√

3
|10, 0, 1, 1⟩

− 2
3
√

3
∣10, 0, 1, 1⟩ + 4

3
√

3
|35, 0, 1, 1⟩

15 1
3 , 3

2 , 1
2

∣6, −1
3

, 1
2

, 1
2

⟩ = − 2
√

2
3
√

15
|8, 0, 1, 1⟩ − 1

3
√

3
|10, 0, 1, 1⟩ +

√
2

3
√

3
∣10, 0, 1, 1⟩

+
√

3
2
√

10
|27, 0, 1, 1⟩ + 1

6
√

3
|35, 0, 1, 1⟩

+
√

3
2
√

2
|27, 0, 2, 1⟩ +

√
3

2
√

2
|35, 0, 2, 1⟩

(E.28)

15 4
3 ,1,0 ∣6, −1

3
, 1
2

, 1
2

⟩ = 2
3
√

5
∣8, 1, 1

2
, 1
2

⟩ + 1
3

∣10, 1, 1
2

, 1
2

⟩ + √ 2
15

∣27, 1, 1
2

, 1
2

⟩

+
√

2
3

∣10, 1, 3
2

, 1
2

⟩ + √1
6

∣27, 1, 3
2

, 1
2

⟩ +
√

5
3
√

2
∣35, 1, 3

2
, 1
2

⟩
(E.29)
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E.2 Baryonic decays

3 1
3 , 1

2 , 1
2

∣6, −1
3

, 1
2

, 1
2

⟩ = √1
3

|8, 0, 1, 1⟩ + √2
3

|10, 0, 1, 1⟩ (E.30)

𝛯′0
𝑐 → 𝐵8/10𝛾

6− 2
3 ,1,1 ∣6, −1

3
, 1
2

, −1
2

⟩ = √2
5

∣8, −1, 1
2

, 1
2

⟩ − 2√
15

∣27, −1, 1
2

, 1
2

⟩ + √1
3

∣27, −1, 3
2

, 1
2

⟩

6 1
3 , 1

2 , 1
2

∣6, −1
3

, 1
2

, −1
2

⟩ = √1
6

|1, 0, 0, 0⟩ + √ 1
30

|8, 0, 0, 0⟩ − √2
5

|27, 0, 0, 0⟩

+ √ 1
10

|8, 0, 1, 0⟩ + √2
5

|27, 0, 1, 0⟩

6 4
3 ,0,0 ∣6, −1

3
, 1
2

, −1
2

⟩ = √2
5

∣8, 1, 1
2

, −1
2

⟩ + √3
5

∣27, 1, 1
2

, −1
2

⟩
(E.31)

15− 2
3 ,1,1 ∣6, −1

3
, 1
2

, −1
2

⟩ = 2
3
√

5
∣8, −1, 1

2
, −1

2
⟩ +

√
2

3
∣10, −1, 1

2
, −1

2
⟩

− √ 3
10

∣27, −1, 1
2

, −1
2

⟩ − 1
3
√

2
∣35, −1, 1

2
, −1

2
⟩

− 1
3

∣10, −1, 3
2

, −1
2

⟩ +
√

2
3

∣35, −1, 3
2

, −1
2

⟩

15 1
3 , 1

2 , 1
2

∣6, −1
3

, 1
2

, −1
2

⟩ = −√ 1
10

|8, 0, 0, 0⟩ − √2
5

|27, 0, 0, 0⟩ −
√

5
3
√

6
|8, 0, 1, 0⟩

1
3
√

3
|10, 0, 1, 0⟩ −

√
2

3
√

3
∣10, 0, 1, 0⟩ +

√
5

3
√

3
|35, 0, 1, 0⟩

15 1
3 , 3

2 , 1
2

∣6, −1
3

, 1
2

, −1
2

⟩ = 4
3
√

15
|8, 0, 1, 0⟩ +

√
2

3
√

3
|10, 0, 1, 0⟩ − 2

3
√

3
∣10, 0, 1, 0⟩

− √ 3
20

|27, 0, 1, 0⟩ − 1
6
√

3
|35, 0, 1, 0⟩

+ 1
2

|27, 0, 1, 0⟩ + 1
2

|35, 0, 1, 0⟩

15 4
3 ,1,0 ∣6, −1

3
, 1
2

, −1
2

⟩ = − 2
3
√

5
∣8, 1, 1

2
, −1

2
⟩ − 1

3
∣10, 1, 1

2
, −1

2
⟩ − √ 2

15
∣27, 1, 1

2
, −1

2
⟩

+
√

2
3

∣10, 1, 3
2

, −1
2

⟩ + √1
6

∣27, 1, 3
2

, −1
2

⟩ +
√

5
3
√

2
∣35, 1, 3

2
, −1

2
⟩

(E.32)

3 1
3 , 1

2 , 1
2

∣6, −1
3

, 1
2

, −1
2

⟩ = −√1
2

|8, 0, 0, 0⟩ + √1
6

|8, 0, 1, 0⟩ + √1
3

|10, 0, 1, 0⟩ (E.33)

- 163 -- 163 -



E Approximate flavor symmetries

𝛺𝑐 → 𝐵8/10𝛾

6 1
3 , 1

2 , 1
2

∣6, −4
3

, 0, 0⟩ = √2
5

∣8, −1, 1
2

, 1
2

⟩ + √3
5

∣27, −1, 1
2

, 1
2

⟩

6 4
3 ,0,0 ∣6, −4

3
, 0, 0⟩ = √1

6
|1, 0, 0, 0⟩ + 2

√
2√

15
|8, 0, 0, 0⟩ + √ 3

10
|27, 0, 0, 0⟩

(E.34)

15 1
3 , 1

2 , 1
2

∣6, −4
3

, 0, 0⟩ = √ 2
15

∣8, −1, 1
2

, 1
2

⟩ + √1
3

∣10, −1, 1
2

, 1
2

⟩

+ √1
5

∣27, −1, 1
2

, 1
2

⟩ + √1
3

∣35, −1, 1
2

, 1
2

⟩

15 1
3 , 3

2 , 1
2

∣6, −4
3

, 0, 0⟩ = √1
3

∣10, −1, 3
2

, 1
2

⟩ + √1
2

∣27, −1, 1
2

, 1
2

⟩ + √1
6

∣35, −1, 3
2

, 1
2

⟩

15 4
3 ,1,0 ∣6, −4

3
, 0, 0⟩ = 4

3
√

5
|8, 0, 1, 0⟩ +

√
2

3
|10, 0, 1, 0⟩ + 1

3
∣10, 0, 1, 0⟩

+ √1
5

|27, 0, 1, 0⟩ + 1
3

|35, 0, 1, 0⟩
(E.35)

3 1
3 , 1

2 , 1
2

∣6, −4
3

, 0, 0⟩ = √2
3

∣8, −1, 1
2

, 1
2

⟩ + √1
3

∣10, −1, 1
2

, 1
2

⟩ (E.36)

Decay 𝐴3 𝐴6 𝐴15

𝛬𝑐 → 𝛴+𝛾 - √2
3𝑉 ∗

𝑐𝑠𝑉𝑢𝑑 − 2√
15𝑉 ∗

𝑐𝑠𝑉𝑢𝑑

𝛯0
𝑐 → 𝛯0𝛾 - √2

3𝑉 ∗
𝑐𝑠𝑉𝑢𝑑

2√
15𝑉 ∗

𝑐𝑠𝑉𝑢𝑑

𝛬𝑐 → 𝑝𝛾 𝛥 √2
3𝛴 − 2√

15𝛴 − 1√
15𝛥

𝛯+
𝑐 → 𝛴+𝛾 𝛥 −√2

3𝛴 2√
15𝛴 − 1√

15𝛥

𝛯0
𝑐 → 𝛬𝛾 √1

6𝛥 𝛴 √2
5𝛴 + 1√

10𝛥

𝛯0
𝑐 → 𝛴0𝛾 √1

2𝛥 −√1
3𝛴 −√ 2

15𝛴 + √ 3
10𝛥

𝛯+
𝑐 → 𝑝𝛾 - √2

3𝑉 ∗
𝑐𝑑𝑉𝑢𝑠 − 2√

15𝑉 ∗
𝑐𝑑𝑉𝑢𝑠

𝛯0
𝑐 → 𝑛𝛾 - √2

3𝑉 ∗
𝑐𝑑𝑉𝑢𝑠

2√
15𝑉 ∗

𝑐𝑑𝑉𝑢𝑠

Table E.7: 𝑆𝑈(3)𝐹 decomposition of the SM decay amplitudes for the charmed anti-triplet
baryons.
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E.2 Baryonic decays

Decay 𝐴′
3 𝐴′

6 𝐴′
15

𝛴+
𝑐 → 𝛴+𝛾 - √2

5𝑉 ∗
𝑐𝑠𝑉𝑢𝑑 − 2

3
√

5𝑉 ∗
𝑐𝑠𝑉𝑢𝑑

𝛴0
𝑐 → 𝛬𝛾 - −√ 2

15𝑉 ∗
𝑐𝑠𝑉𝑢𝑑 −√ 2

15𝑉 ∗
𝑐𝑠𝑉𝑢𝑑

𝛴0
𝑐 → 𝛴0𝛾 - √2

5𝑉 ∗
𝑐𝑠𝑉𝑢𝑑 − 2

3
√

5𝑉 ∗
𝑐𝑠𝑉𝑢𝑑

𝛯′0
𝑐 → 𝛯0𝛾 - √2

5𝑉 ∗
𝑐𝑠𝑉𝑢𝑑

2
3

√
5𝑉 ∗

𝑐𝑠𝑉𝑢𝑑

𝛴+
𝑐 → 𝑝𝛾 −√1

3𝛥 √2
5𝛴 − 2

3
√

5𝛴 + 1√
5𝛥

𝛴0
𝑐 → 𝑛𝛾 −√2

3𝛥 √4
5𝛴 2

√
2

3
√

5𝛴 −
√

2
3

√
5𝛥

𝛯′+
𝑐 → 𝛴+𝛾 √1

3𝛥 √2
5𝛴 − 2

3
√

5𝛴 − 1√
5𝛥

𝛯′0
𝑐 → 𝛬𝛾 −√1

2𝛥 √ 1
15𝛴 −√ 2

15𝛴 − 1√
30𝛥

𝛯′0
𝑐 → 𝛴0𝛾 √1

6𝛥 √1
5𝛴 −√2

5𝛴 + 1
3

√
10𝛥

𝛺𝑐 → 𝛯0𝛾 √2
3𝛥 √4

5𝛴 2
√

2
3

√
5𝛴 +

√
2

3
√

5𝛥

𝛯′+
𝑐 → 𝑝𝛾 - −√2

5𝑉 ∗
𝑐𝑑𝑉𝑢𝑠

2
3

√
5𝑉 ∗

𝑐𝑑𝑉𝑢𝑠

𝛯′0
𝑐 → 𝑛𝛾 - −√2

5𝑉 ∗
𝑐𝑑𝑉𝑢𝑠 − 2

3
√

5𝑉 ∗
𝑐𝑑𝑉𝑢𝑠

𝛺𝑐 → 𝛬𝛾 - −2
√

2√
15𝑉 ∗

𝑐𝑑𝑉𝑢𝑠 0
𝛺𝑐 → 𝛴0𝛾 - 0 4

3
√

5𝑉 ∗
𝑐𝑑𝑉𝑢𝑠

Table E.8: 𝑆𝑈(3)𝐹 decomposition of the SM decay amplitudes for the charmed sextet
baryons.
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E Approximate flavor symmetries

E.2.3 Flavor relations for 𝐵𝑐6 → 𝐵10𝛾𝐵𝑐6 → 𝐵10𝛾𝐵𝑐6 → 𝐵10𝛾

We provide the flavor relations for 𝐵𝑐6 → 𝐵10𝛾 decays in Table E.9, as well as the U-spin,
isospin and 𝑆𝑈(3)𝐹 decompositions in Table E.11, E.10 and E.12, respectively.

Decay U-Spin 𝑆𝑈(3)𝐹 𝑆𝑈(3)𝐹 IRA
𝛴+

𝑐 → 𝛴∗+𝛾 𝑉 ∗
𝑐𝑠𝑉𝑢𝑑𝐻𝛴 𝑉 ∗

𝑐𝑠𝑉𝑢𝑑𝐼 𝑉 ∗
𝑐𝑠𝑉𝑢𝑑𝐽

𝛴0
𝑐 → 𝛴∗0𝛾 𝑉 ∗

𝑐𝑠𝑉𝑢𝑑𝐻′
𝛴 𝑉 ∗

𝑐𝑠𝑉𝑢𝑑𝐼 𝑉 ∗
𝑐𝑠𝑉𝑢𝑑𝐽

𝛯′0
𝑐 → 𝛯∗0𝛾 𝑉 ∗

𝑐𝑠𝑉𝑢𝑑𝐻′
𝛴 𝑉 ∗

𝑐𝑠𝑉𝑢𝑑𝐼 𝑉 ∗
𝑐𝑠𝑉𝑢𝑑𝐽

𝛴++
𝑐 → 𝛥++𝛾 𝛥𝐻′′

𝛥 + 𝐻′′
7 −√3

2𝛥𝐼 +
√

3𝐼7 −√3
2𝛥𝐽 +

√
3𝐽7

𝛴+
𝑐 → 𝛥+𝛾 −𝛴𝐻𝛴 + 𝛥𝐻𝛥 + 𝐻7 −𝛴𝐼 +

√
2𝐼7 −𝛴𝐽 +

√
2𝐽7

𝛴0
𝑐 → 𝛥0𝛾 −

√
2𝛴𝐻′

𝛴 + 𝛥𝐻′
𝛥 + 𝐻′

7 −
√

2𝛴𝐼 + 1√
2𝛥𝐼 + 𝐽7 −

√
2𝛴𝐽 + 1√

2𝛥𝐽 + 𝐽7

𝛯′+
𝑐 → 𝛴∗+𝛾 𝛴𝐻𝛴 + 𝛥𝐻𝛥 + 𝐻7 𝛴𝐼 +

√
2𝐼7 𝛴𝐽 +

√
2𝐽7

𝛯′0
𝑐 → 𝛴∗0𝛾 𝛥𝐻′

𝛥 + 𝐻′
7

1√
2𝛥𝐼 + 𝐼7

1√
2𝛥𝐽 + 𝐽7

𝛺𝑐 → 𝛯∗0𝛾
√

2𝛴𝐻′
𝛴 + 𝛥𝐻′

𝛥 + 𝐻′
7

√
2𝛴𝐼 + 1√

2𝛥𝐼 + 𝐽7
√

2𝛴𝐽 + 1√
2𝛥𝐽 + 𝐽7

𝛯′+
𝑐 → 𝛥+𝛾 𝑉 ∗

𝑐𝑑𝑉𝑢𝑠𝐻𝛴 𝑉 ∗
𝑐𝑑𝑉𝑢𝑠𝐼 −𝑉 ∗

𝑐𝑑𝑉𝑢𝑠𝐽
𝛯′0

𝑐 → 𝛥0𝛾 𝑉 ∗
𝑐𝑑𝑉𝑢𝑠𝐻′

𝛴 𝑉 ∗
𝑐𝑑𝑉𝑢𝑠𝐼 −𝑉 ∗

𝑐𝑑𝑉𝑢𝑠𝐽
𝛺𝑐 → 𝛴∗0𝛾 𝑉 ∗

𝑐𝑑𝑉𝑢𝑠𝐻′
𝛴 𝑉 ∗

𝑐𝑑𝑉𝑢𝑠𝐼 −𝑉 ∗
𝑐𝑑𝑉𝑢𝑠𝐽

Table E.9: Flavor symmetry relations of the decay amplitudes for the charmed sextet
baryons into decuplet baryons. Analogously to Table 6.1, 𝐻(′)

𝛴 , 𝐻(′,′′)
𝛥 and 𝐻(′,′′)

7 denote
the U-spin triplet, U-spin singlet and the 𝑐 → 𝑢𝛾 contributions, respectively. Note
that 1√

3𝐻′′
7 = 1√

2𝐻′
7 = 𝐻7 in the isospin limit. Furthermore, 𝐼 =

√
2

3 𝐴′′
15 and 𝐼7 =

√1
3(𝐼NP + 𝛥𝐴′′

3 ). 𝐽 = √2
3

̃𝑏′′
1 and 𝐽7 = 1√

3𝑏′′
1 denote the weak annihilation and 𝑐 → 𝑢𝛾

contributions in the 𝑆𝑈(3)𝐹 IRA.
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E.2 Baryonic decays

Decay ⟨3
2 |1

2 |1⟩
𝐼

⟨1|1
2 |1

2⟩
𝐼

⟨1
2 |0|1

2⟩
𝑈

⟨1|0|1⟩𝑈 ⟨0|0|0⟩𝑈
𝛴++

𝑐 → 𝛥++𝛾 1 0 0 0 1
𝛴+

𝑐 → 𝛥+𝛾 √2
3 0 1 0 0

𝛴0
𝑐 → 𝛥0𝛾 √1

3 0 0 1 0
𝛯′+

𝑐 → 𝛴∗+𝛾 0 1 1 0 0
𝛯′0

𝑐 → 𝛴∗0𝛾 0 √1
3 0 1 0

𝛺𝑐 → 𝛯∗0𝛾 0 0 0 1 0
Table E.10: Iso- and U-spin decomposition of the BSM contribution for decays of charm
sextet baryons into decuplet baryons. The matrix elements are related to the amplitudes
in Table E.9 as follows: 𝐻7 ∼ ⟨1

2 |0|1
2⟩

𝑈
, 𝐻′

7 ∼ ⟨1|0|1⟩𝑈 and 𝐻′′
7 ∼ ⟨0|0|0⟩𝑈

Decay ⟨1
2 |1|1

2⟩ ⟨1|1|1⟩ ⟨1
2 |0|1

2⟩ ⟨1|0|1⟩ ⟨0|0|0⟩
𝛴+

𝑐 → 𝛴∗+𝛾 √2
3𝑉 ∗

𝑐𝑠𝑉𝑢𝑑 0 - - -
𝛴0

𝑐 → 𝛴∗0𝛾 0 1√
2𝑉 ∗

𝑐𝑠𝑉𝑢𝑑 - - -
𝛯′0

𝑐 → 𝛯∗0𝛾 0 1√
2𝑉 ∗

𝑐𝑠𝑉𝑢𝑑 - - -
𝛴++

𝑐 → 𝛥++𝛾 0 0 0 0
√

2𝛥
𝛴+

𝑐 → 𝛥+𝛾 −√2
3𝛴 0

√
2𝛥 0 0

𝛴0
𝑐 → 𝛥0𝛾 0 −𝛴 0

√
2𝛥 0

𝛯′+
𝑐 → 𝛴∗+𝛾 √2

3𝛴 0
√

2𝛥 0 0
𝛯′0

𝑐 → 𝛴∗0𝛾 0 0 0
√

2𝛥 0
𝛺𝑐 → 𝛯∗0𝛾 0 𝛴 0

√
2𝛥 0

𝛯′+
𝑐 → 𝛥+𝛾 √2

3𝑉 ∗
𝑐𝑑𝑉𝑢𝑠 0 - - -

𝛯′0
𝑐 → 𝛥0𝛾 0 1√

2𝑉 ∗
𝑐𝑑𝑉𝑢𝑠 - - -

𝛺𝑐 → 𝛴∗0𝛾 0 1√
2𝑉 ∗

𝑐𝑑𝑉𝑢𝑠 - - -
Table E.11: U-Spin decomposition of the SM decay amplitudes for the decays of charmed
sextet baryons into decuplet baryons. In the matrix element ⟨𝑈(𝑓)|𝑈(𝑂)|𝑈(𝑖)⟩, 𝑈(𝑓),
𝑈(𝑂) and 𝑈(𝑖) denote the U-spin of the final state, the U-spin changing operators and
the initial state, respectively. The matrix elements are related to the amplitudes in Table
E.9 as follows: 𝐻𝛴 ∼ √2

3 ⟨1
2 |1|1

2⟩, 𝐻′
𝛴 ∼ 1√

2 ⟨1|1|1⟩, 𝐻𝛥 ∼
√

2 ⟨1
2 |0|1

2⟩, 𝐻′
𝛥 ∼

√
2 ⟨1|0|1⟩

and 𝐻′′
𝛥 ∼

√
2 ⟨0|0|0⟩.
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E Approximate flavor symmetries

Decay 𝐴′′
3 𝐴′′

6 𝐴′′
15

𝛴+
𝑐 → 𝛴∗+𝛾 - 0

√
2

3 𝑉 ∗
𝑐𝑠𝑉𝑢𝑑

𝛴0
𝑐 → 𝛴∗0𝛾 - 0

√
2

3 𝑉 ∗
𝑐𝑠𝑉𝑢𝑑

𝛯′0
𝑐 → 𝛯∗0𝛾 - 0

√
2

3 𝑉 ∗
𝑐𝑠𝑉𝑢𝑑

𝛴++
𝑐 → 𝛥++𝛾 𝛥 0 −√1

3𝛥

𝛴+
𝑐 → 𝛥+𝛾 √2

3𝛥 0 −
√

2
3 𝛴

𝛴0
𝑐 → 𝛥0𝛾 √1

3𝛥 0 −2
3𝛴 + 1

3𝛥

𝛯′+
𝑐 → 𝛴∗+𝛾 √2

3𝛥 0
√

2
3 𝛴

𝛯′0
𝑐 → 𝛴∗0𝛾 √1

3𝛥 0 1
3𝛥

𝛺𝑐 → 𝛯∗0𝛾 √1
3𝛥 0 2

3𝛴 + 1
3𝛥

𝛯′+
𝑐 → 𝛥+𝛾 - 0

√
2

3 𝑉 ∗
𝑐𝑠𝑉𝑢𝑑

𝛯′0
𝑐 → 𝛥0𝛾 - 0

√
2

3 𝑉 ∗
𝑐𝑠𝑉𝑢𝑑

𝛺𝑐 → 𝛴∗0𝛾 - 0
√

2
3 𝑉 ∗

𝑐𝑠𝑉𝑢𝑑
Table E.12: 𝑆𝑈(3)𝐹 decomposition of the SM decay amplitudes for the decays of charmed
sextet baryons into decuplet baryons.
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Acronyms

𝜒PT chiral perturbation theory. 12, 15, 155

ADM anomalous dimension matrix. 21

BSM beyond the standard model. 1, 2, 10, 19, 23, 24, 26, 31, 34, 39–41, 45, 48, 51, 52,
55–57, 60, 61, 63, 66, 68, 74–78, 84, 91–94, 97, 98

CF Cabibbo favored. viii, 10, 22, 25, 35, 37, 39, 44, 46, 51, 60, 76, 78–80, 82, 84, 86, 87,
90–95, 113

CKM Cabibbo-Kobayashi-Maskawa. 9, 78, 82–84, 86, 88

CP charge parity. viii, 1, 25, 26, 39, 51–61, 63, 65, 74, 75, 78, 82, 84, 88, 90, 93, 94, 97, 98

DCS Doubly Cabibbo suppressed. viii, 10, 22, 25, 28, 35, 37, 44, 46, 51, 60, 63, 76, 78–80,
82, 86, 91, 93–95, 113, 139

EDM electric dipole moment. 5

EFT effective field theories. 15, 19, 21

FB forward-backward. 45, 48, 51, 60

FCNC flavor changing neutral current. 2, 11, 51, 63, 67, 74, 98

GIM Glashow-Iliopolus-Maiani. 11, 21, 22

GR general relativity. 1

HH𝜒PT heavy hadron chiral perturbation theory. iii, 17, 25, 27, 28, 30, 31, 34–41, 44–48,
51, 52, 58–60, 97, 105, 110, 113, 146

HQET heavy quark effective theory. 12, 16

IRA irreducible representation approach. 79, 82

LHC Large Hadron Collider. 1

LLO leading logarithm order. 21
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Acronyms

NLLO next to leading logarithm order. 21

NLO next-to leading order. 22

NNLLO next-to-next-to leading logarithmic order. 22, 23

NNLO next-to-next-to leading order. 22

NP new physics. 1, 2, 26, 28, 32, 39, 45, 51, 60, 68, 75, 77–79, 84, 88, 89, 91–94, 97, 98

QCD quantum chromodynamik. vii, 3–6, 10, 12–17, 20–23, 27, 77, 83, 97, 99, 105, 153

QCDF QCD factorization. 25, 27, 32–34, 37–39, 42–45, 48, 51, 53, 54, 60, 63, 66, 68, 74,
105

QED quantum electrodynamik. 10, 20, 22

QPCM quark pair creation model. 70–73, 151

RGE renormalization group equation. 21

SCS Singly Cabibbo suppressed. viii, 10, 22, 25, 36, 38, 44, 47, 51, 60, 63, 76, 78–80,
82–84, 86, 91–95, 113, 120

SM standard model of particle physics. iv, 1–5, 9–12, 19, 22, 23, 26, 31, 34, 39, 42, 43,
45–55, 60, 63, 65–68, 74–79, 82–84, 86–89, 91–95, 97–99

SSB spontaneous symmetry breaking. 7, 9

VEV vacuum expectation value. 7

VMD vector meson dominance. 29

WA weak annihilation. 26, 27, 31–33, 39, 45, 51, 76, 91

WET weak effective theory. 2
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