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Kurzfassung

In dieser Arbeit werden seltene semileptonische |Ac| = |Au| = 1 Ubergénge im Standardmodell und
jenseits davon studiert. Die Standardmodellphenomenologie von Dreikérper-Mesonzerféllen D — Pé/,
sowie von Drei- und Vierkorperzerféllen von Charmbaryonen, By, — B, (— Bym)¢{, wird analysiert und
die Dominanz von Resonanzbeitriagen zu den Verzweigungsverhéltnissen wird herausgestellt. Effekte
von Physik jenseits des Standardmodells werden modellunabhéngig und im Rahmen von Leptoquark—
und flavorvollen, Anomalie-freien Z’~Modellen untersucht. Die Dominanz der Resonanzbeitriage wird
in Analysen sauberer Nulltestobservablen, wo jegliches Signal auf neue Physik hinweist, iiberwunden
oder sogar als Katalysator genutzt. Nulltests basieren auf Winkelobservablen, CP-Erhaltung, Lep-
tonflavoruniversalitidt und der Erhaltung von geladenem Leptonflavor. Bereits eine Teilmenge von
vier Winkelobservablen in seltenen Drei- und Vierkorperzerfillen von Charmbaryonen geniigt, um
Beitrige jenseits des Standardmodells von Dipol- und (Axial-)Vektor-Wilsonkoeffizienten vollstandig
voneinander zu unterscheiden, wohingegen seltene, (semi-)leptonische Mesonzerfille D — (P)¢¢ auf
(pseudo-)skalare und (pseudo-)tensorielle Effekte hindeuten. Eine globale Sichtweise auf Verbindungen
zwischen verschiedenen Flavorsektoren wird im Kontext von flavoraufsummierten Verzweigungsver-
héltnissen mit einem Neutrino-Antineutrino-Paar im Endzustand dargelegt. Indirekte Tests von
Leptonflavoruniversalitit und der Erhaltung von geladenem Leptonflavor werden fiir den Charmsektor
présentiert, wo Dineutrinomoden ohnehin Nulltests des Standardmodells darstellen. In |Ab| = |As| =1
Ubergéingen ist der erste Nachweis fiir die Verletzung von Leptonflavoruniversalitéit im Verhéltnis
von Myon tber Elektron B—Mesonverzweigungsverhéltnissen gefunden. Ergénzend zu den direkten
Herangehensweisen wird gezeigt, dass Dineutrinomoden die Struktur von geladenem Leptonflavor in
der Korrelation zwischen B — Pvi und B — Vi testen. Ahnliche indirekte Tests von Leptonflavor in
anderen Quarksektoren werden ebenfalls besprochen.

iv



Abstract

This thesis comprises a study of rare semileptonic |Ac| = |Au| = 1 transitions in the Standard Model
and beyond. The Standard Model phenomenology of three-body meson decays D — P/¢, as well as
three- and four-body charmed baryon decays B, — B;(— Bym)l{, is analyzed and branching ratios
are found to be dominated by resonances. Physics effects beyond the Standard Model are studied
model-independently as well as in the framework of leptoquark— and flavorful, anomaly-free Z’-models.
Resonance dominance is shown to be overcome or even used as a catalyst in analyses of clean null-test
observables, where any signal indicates new physics. Null tests are based on angular observables,
CP—conservation, lepton flavor universality and charged lepton flavor conservation. Already a subset of
four angular observables in three- and four-body rare charm baryon decays are sufficient to disentangle
beyond Standard Model effects in dipole and (axial) vector Wilson coefficients, whereas (semi-)leptonic
rare meson decays D — (P)¢{¢ are shown to control (pseudo-)scalar and (pseudo-)tensor effects. A
global view on connections between different flavor sectors is put forward in the context of flavor
summed dineutrino branching ratios. Indirect tests of lepton flavor universality and charged lepton
flavor conservation are presented for the charm sector, where dineutrino modes already pose null tests of
the Standard Model. In |Ab| = |As| = 1 transitions, the first evidence for the violation of lepton flavor
universality is found in muon over electron ratios of B-meson branching fractions. Complementing the
direct probes, dineutrino modes are shown to test charged lepton flavor indirectly in the correlation of
B — Pvv and B — V. Similarly, indirect flavor probes in other quark sectors are also commented
on.
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The field of elementary particle physics aims at describing nature at the most fundamental level,
both in terms of the building blocks and interactions. During the last decades, our knowledge has
rapidly increased through concurrent developments in theory and experiment. In particular, the field
of quark flavor physics had its starting point in the 1960s with the prediction of the strange quark
and the development of the eightfold way to classify experimentally observed hadrons [13]. Further
experimental developments implied the need for a charm quark [14] to avoid flavor changing neutral
currents (FCNCs) via a generalized Glashow-Iliopolus-Maiani (GIM) mechanism [15]. The charm
quarks actual discovery took place in the November Revolution in 1974 [16, 17]. The discoveries of the
heavy electroweak gauge bosons followed in 1983, see [18] for a review, and were the starting point of
still ongoing electroweak precision measurements. Finally, after the prediction of the Higgs boson in
the 1960s [19-22], the Standard Model of particle physics (SM) was completed with the discovery of a
heavy boson in 2012 [23, 24], which later was confirmed to share the SM Higgs properties [25, 26]. The
overwhelming majority of subsequent analyses corroborate the predictions of the SM, thus forging the
most frequently tested and most successful fundamental theory to date.

Despite its success, the SM is known to be an insufficient description of nature for several reasons.
One being the prediction [27-29] and discovery [30, 31] of neutrino oscillations, implying non-vanishing
neutrino masses, which are, however, vanishing according to predictions of the SM. Another problem
stems from cosmological observations which imply the existence of dark matter [32], as well as the
lack of sufficient CP—violation as proposed by the Sakharov conditions [33] for the emergence of
a baryon—asymmetry in the universe. In addition, the SM describes only three of the four known
fundamental interactions and a quantum theory of gravity is yet to be found.

The modern route towards the discovery of physics beyond the Standard Model (BSM) utilizes two
complementary methods. The high-energy frontier pushes the largest tested center-of-mass energy in
single-particle collisions in order to directly produce heavy BSM particles, which is the only way to
unambiguously claim the discovery of heavy new physics (NP) particles beyond the SM. On the other
hand, the main idea at the precision frontier is to indirectly test much larger energy ranges through
BSM contributions to loop processes by pushing the theoretical and experimental precision of a given
process into a regime in which deviations from SM predictions become apparent. These deviations
then indicate a certain energy scale and, therefore, provide guidance for direct searches where the lack
of direct detection of any BSM particle calls for a prediction of a new energy scale, at which NP is
expected to show up.

Indeed, hints for deviations from the SM have emerged at the precision frontier. These include the
first evidence for the violation of lepton flavor universality (LFU) in decays of B—mesons [34], which
fit into similar deviations of less significance [35-37], along with systematically suppressed branching
ratio measurements [38-41], as well as deviations in angular asymmetries [42-47] in b — sp™p~
induced modes, commonly referred to as the B-anomalies. A second example is the muon anomalous
magnetic moment, where Run 1 of the Fermilab g — 2 experiment [48-51] confirms an earlier BNL
measurement [52] and both measurements globally point towards a 4.20 tension with respect to the
SM prediction [53], see also Ref. [54] for a recent White Paper.

In order to reconcile the observed discrepancies while being in line with constraints in other sectors,
which are in agreement with SM expectations, a global picture is needed. Several strategies are at
hand. The model-dependent route is to construct a specific ultraviolet (UV)—complete BSM model,
which is able to reconcile as many discrepancies and problems of the SM as possible and make verifiable



1 Introduction

predictions in other observables. The alternative is the model-independent study of BSM physics in an
Effective Field Theory (EFT) framework. Here, we distinguish two cases. On the one hand, we apply
the Weak Effective Theory (WET), which for example can be used for b — sy~ processes, where
global fits with increasing significance are performed, e.g. Ref. [55]. On the other hand, the Standard
Model Effective Field Theory (SMEFT) framework is utilized and allows to systematically probe heavy
NP simultaneously in various different sectors, which comes at the prize of 2499 parameters at leading
order. Therefore, it is crucial to follow the “leave-no-stone-unturned-guideline” and study as many
different sectors of the SM as possible. SMEFT analyses involving top quarks are of recent interest,
e.g. Refs. [56-59]. This is because the top, being the third generation up-type cousin of the b—quark
and the heaviest SM particle, is likely to couple to NP. However, FCNCs of top quarks [60] have only
very recently been tested in searches for ¢ — ¢y and ¢ — u, and are only poorly constrained [61]. At
the same time the tree-level contributions to single-top-quark production in association with a photon,
tqy with light down-type quarks g, were also only recently discovered [62]. More analyses with top
quarks are needed, but lack sufficient statistics to probe rare processes and are only probed directly, as
the top-quark decays before hadronization.

Therefore, the natural and unique place to look for up-type FCNCs is in rare charm decays. The
charm quark is the first (semi-)heavy candidate that allows for flavor physics probes with hadrons
and rare decays are suitable for a variety of flavor facilities such as the Large Hadron Collider beauty
(LHCDb) experiment [63], Belle II [64], BESIII [65] and possible future machines, such as the super
charm-tau factory [66] and the Future Circular Collider (FCC) [67, 68]. As of today, only very few
rare charm decays have been observed, including the radiative mode D — pvy seen at Belle [69]
and the observation and first angular analysis of D° — 7#"7~p"u~ and D° — KT K- u*p~ [70, 71],
with a very recent update available in Ref. [72]. For other modes, upper limits exist on the purely
leptonic decays D° — ptp~ [73] and D° — pte™ [74], various semileptonic D — P£V) modes [75, 76],
A, — pptp~ [77) and D° — 7%i [78], all of which will be discussed in more detail in the remainder of
this thesis.

Experimentally, charm physics rapidly evolved ever since the first evidence for D° — D° mixing in
2007 by the Belle [79], BaBar [80] and CDF [81] collaborations. Nowadays, more and more precise
information on mixing is available from LHCb [82-84] and tests for CP—violation in mixing seem to be
within reach. The first observation of direct CP—violation in the charm sector was performed in an
analysis by LHCb in 2019 [85].

Although |Ac| = |Au| = 1 transitions are the up-type counterparts of down-type FCNCs, naive
applications of known methods fail in charm. Nature seems to accidentally have laid the mass of the
charm quark in an unpleasant region, where it is too heavy to apply flavor symmetries and relate
it to the light quarks u, d, s, however too light to employ a fast converging heavy quark expansion.
Despite these theoretical challenges, research interest in ¢ — uwél, ¢ — uvv and ¢ — wy induced modes
is ongoing and ever increasing and clean probes of the SM can be performed and complement the
flavor physics programs in the down-type sectors. For instance, (semi-)leptonic rare charm decays with
charged leptons are studied in Refs. [86-104], with missing energy in Refs. [105-107] and rare radiative
charm decays in Refs. [108-112].

While the main focus of this work is on rare semileptonic charm decays, the overall goal is a broader



view on the quark flavor sector of the SM and to fully exploit correlations between sectors in order to
unravel the origin of flavor.

This thesis is based on Refs. [1-12] by the author and structured as follows. Five main chapters are
followed by a conclusion and outlook in Chapter 7. The main chapters contain the following topics:

e In Chapter 2 we review flavor physics within the SM and introduce the EFT framework, which is
extensively used throughout this thesis and based on an Operator Product Expansion (OPE) [113].
We distinguish the WET and SMEFT and discuss SM values for so-called Wilson coefficients
contributing to semileptonic rare charm decays in both EFT frameworks.

o Chapter 3 presents the SM phenomenology of the rare charm three-body decays Dt — 74+(~,
D° — 7% "¢~ and DY — K'™¢T¢~ and baryon three- and four-body decays A. — plti~,
E0 = X0t B0 - A% (— pr) et EF — Xt (pr) et and 20 — E0(— A°70)0T 0~ where
the latter three are discussed as three- and four-body final state decays. We also give a brief
introduction to CP—asymmetries in hadronic decays of D—mesons.

e In Chapter 4 we discuss BSM physics in rare charm decays. We work out the model-independent
available parameter space, i.e. we obtain upper limits on BSM Wilson coefficients by collecting
available experimental constraints. We further introduce effects induced in leptoquark (LQ)—and
flavorful anomaly-free Z’-models and investigate bounds on the model parameters.

e Chapter 5 is dedicated to an extensive study of null-test possibilities in rare charm decays. We
discuss angular observables in three-body meson, three- and four-body baryon decays and beyond
and comment on the viability of a future global fit. We further discuss CP—asymmetries in
semileptonic modes, comment on CP—asymmetric angular observables and investigate correlations
between semileptonic and hadronic CP-violation in the context of anomaly-free Z’—models.
Finally, direct probes of (accidental) charged lepton flavor symmetries are discussed. Violation of
LFU is probed in ratios of branching fractions of semileptonic modes into muons over electrons
and charged lepton flavor conservation (cLFC) is tested via branching ratios of lepton flavor
violating (LFV) decay modes.

o Indirect tests of charged lepton flavor are presented in Chapter 6. Due to the flavor inclusiveness
of dineutrino branching ratios and a SMEFT-based SU(2),-link, upper limits on rare charm
dineutrino branching ratios are proportional to charged lepton couplings and depend on assump-
tions on charged lepton flavor. The same link can be exploited in both directions and other quark
flavor sectors. We investigate implications for b — s and b — d induced modes and comment on
further possibilities with rare kaon and top decays.

More details on SM Wilson coefficients, Z’—models, the helicity formalism and SU(2);-links in
SMEFT can be found in the appendix. For self-containment the appendix also comprises parameters,
experimental input and explicit expressions for angular distributions and helicity amplitudes, as well
as utilized form factors and decay constants. The presented research works are performed using the
computer software packages in Refs. [114-119].



This chapter is split into three parts. In Sec. 2.1 we give an overview of the SM following standard
literature, see Refs. [120-124]. First, we turn to the gauge symmetry, particle content, and symmetry
breaking mechanism of the SM with a special emphasis on the flavor sector and the charm quark,
which will be the main object of study in this thesis. We also discuss shortcomings of the SM that
motivate the search for BSM physics.

The second part deals with EFTs. Here, the main objects of interest are Wilson coefficients. EFTs
are only valid up to a certain scale, at which heavy degrees of freedom are integrated out and encoded in
Wilson coefficients, whereas the remaining light degrees of freedom are included in the form of effective
operators. We discuss two different implementations of EFTs. First, we focus on the so-called WET
at the charm mass scale and discuss SM contributions to Wilson coefficients of operators involving
leptons and neutrinos, respectively. Afterwards, we introduce the SMEFT, where all SM particles are
kept as light degrees of freedom, i.e. they are contained in SMEFT operators, such that only heavy
BSM physics enters the associated Wilson coefficients.

The last part summarizes the short-distance contributions to SM Wilson coefficients relevant for this
work within the different EFTs.

2.1 The Standard Model of particle physics

The SM is a renormalizable quantum field theory (QFT) with a local gauge symmetry SU(3)~ ®
SU(2);, ® U(1)y. Here, SU(3) refers to the theory of quantum chromodynamics (QCD) [125-129],
whereas the electroweak interactions are encoded in the SU(2);, ® U(1)y — U(1)qgp, see Refs. [130-
132]. The field content of the SM is divided into two classes, fermions with spin % and bosons with
spin 0 or 1. The SM Lagrangian is then compactly written as

1
Lo =—17 (B,, B +Wa, Wi + G2,G5")
+iQ,PQ; +iD;PD; + iU, PU; +iL; DL, +iE; DE, (2.1)
—QHY[D;—QHYU; — L,HYJ E; 4+ h.c.
+|D,H|? + p?|H> = X H|* .

The first line encodes the kinetic terms of the gauge fields with

FY, =0,F—0,Fi +igg f(g’ngFg , (2.2)

where g g is the gauge coupling associated with the gauge group § and ffgbf are structure constants.

For B*¥ the structure constants vanish as the gauge interaction is abelian, [‘}IZ‘I:)Y = 0. Bosons mediating

the gauge interactions have spin 1 and are referred to as gauge bosons, including gluons Gy, for QCD
and the electroweak gauge bosons Wj, Zg, V(Au), which are linear combinations of the Wi and B,



2.1 The Standard Model of particle physics

and the WE-B , mixing is parametrized by the weak mixing angle 6y,

1 .
Wi =5 (WL FiWgi),
Zy) = cos Oy, W —sinfy, B, , (2.3)

A, =sinfy, W2 + cosby, B, .

The second line in Eq. (2.1) contains the gauge interactions to SM fermions induced by the covariant
derivative, in compact notation P = D#~,, with the Dirac gamma matrices v, and

D, =0, +ig,GiTe 5 +i9,WiTS0 +ig Y B, . (2.4)

Here, the gauge couplings g, g,, and g’ refer to SU(3)s, SU(2); and U(1)y, respectively, and the T
are generators of the non-abelian gauge factors in the representation of the field the derivative is acting
on, whereas Y is the hypercharge.

The only fundamental spin 0 boson in the SM is the Higgs H, an SU(2);—doublet and QCD singlet
responsible for spontaneously breaking the electroweak sector down to quantumelectro dynamics (QED)
due to acquiring a non-trivial vacuum expectation value (vev) v = 2;”—‘” =~ 246 GeV with the W-boson
mass my,. The remaining massive physical degree of freedom contained in the Higgs doublet is generally
referred to as the Higgs boson h?. Interactions between the Higgs and all other particles are possible
via Yukawa interactions, which are given in the third line of Eq. (2.1) and with the help of the vev
are responsible for the generation of masses. The experimentally measured values of these masses
are collected in App. A. The fourth line in Eq. (2.1) contains the kinetic term and potential of the
Higgs doublet. For all SM fermions the respective group representations for both left-handed (LH) and
right-handed (RH) field components are given in Tab. 2.1.

Fermions in the SM are classified according to their gauge interactions. The SU(2); gauge symmetry
acts on the LH field component, hence one distinguishes LH SU(2); ~doublets and RH singlets. Fermions
charged under SU(3). are called quarks, SU(3)-—singlets are called leptons. In the quark sector,
up-type and down-type quarks are distinguished. We use @ for the SU(2);—doublet containing LH up-
and down-type field components and U, D for the RH up- and down-type components, respectively.
For the charged leptons we use F for the RH field components and L for the doublet, which also
includes LH neutrinos. In the SM, neutrinos remain massless and no RH field component exists,
whereas all other fermion fields acquire their masses due to Yukawa terms involving both LH and RH
field components and a Higgs.

Most importantly, both quarks and leptons come in three families, generations or flavors (used
synonymously) as indicated by flavor indices i, j in Eq. (2.1). The first generation makes up everyday
matter, the other two generations are heavier, but otherwise identical copies of the first generation.
The study of transitions between these three families and the search for a deeper reason for the three
identical copies define the field of flavor physics.
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Table 2.1: SM fermion fields and their group representations and charges under the SM
gauge groups. The convention ¢ =Y + 715, with ¢ the electrical charge in units of the proton
charge is used. T refers to the third component of the weak isospin and Y denotes the
hypercharge. The indices L and R indicate LH and RH particle fields. The bold numbers 1,
2, 3 denote a singlet, doublet and triplet representation, respectively.

Particle field SU@B)e SU2). Y Ty q

u c t 1/2 2/3

) I )
L L L

Ve> (l/u> (VT) 1 o 12 1/2 0

<e . Y. T), —1/2 —1

€r, Ur> TR 1 1 -1 0 -1

2.1.1 Flavor physics and the charm quark
In the SM, fermion masses are induced due to the Yukawa terms, i.e. the third line in Eq. (2.1),
~Lyuawa = QHYFD; + Q AYU, + LHYYE; + h.c., (2.5)

where H = ir,H* is the SU(2); conjugate of the Higgs doublet H with the Pauli matrix 7,. The
Yukawa matrices Y, Yy, Y explicitly carry flavor indices 4, j. After spontaneous symmetry breaking,
the Higgs acquires its vev and Dirac masses are induced

v

V2

These mass matrices are in general non-diagonal and chiral, unitary field rotations need to be applied
for the diagonalization and switch from the gauge basis to the mass basis

My = —Y}). (2.6)

Ui — v;JL‘,R v . (2.7)

In the quark sector, four of these rotations exist, one for each up- and down-type and each LH and RH
field component. For the leptons there are three such rotations, since no RH neutrinos exist in the SM.
However, most of these rotations are unphysical. QCD, QED, as well as the neutral currents mediated
by the Z-boson are not sensitive to these rotations. For QCD and QED only vector interactions exist
and @vulp = @L’y#!Z/L + @R%Q/R, such that the individual rotations drop out. In the case of the Z
boson, the Wg part of the interaction only couples to LH fermions, such that the rotation directly
cancels, whereas the B, part is again a vector interaction. For all of these interactions, the cancellation
only occurs because the gauge interaction is flavor blind, i.e. the gauge interaction obeys lepton and
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quark flavor universality as charges and representations are identical for all three generations.

Flavor changing interactions are, however, induced in the SM via charged currents interacting with
the W*-bosons

(Wi Vigupatdy, + Wy Vidiy'uy), (28)
where e refers to the U(1)qrp gauge coupling and the misalignment of the gauge and mass basis for

LH up- and down-type quarks becomes physical. The unitary matrix quantifying this misalignment is
the Cabibbo-Kobayashi-Maskawa (CKM) matrix [133, 134]

Vud Vus Vub
V=Vexku = VfTVLd = Vea Ves Vo | - (2.9)
Via Vie Vi

The CKM matrix has four independent parameters, three mixing angles and one CP—violating phase.
Experimentally, one finds a strong hierarchy between the elements of the CKM matrix and it is
convenient to express in terms of the Wolfenstein parametrization

1—)‘72 )\2 AN (p —in)
Vekm = -\ -2 AN? + 0O\, (2.10)
AN (1—p—in) —AN? 1

with expansion parameter A ~ 0.2. Numerical values for CKM parameters and sin fy;, are given in
App. A. From a theoretical point of view, neither the CKM hierarchy nor the hierarchy between the
measured quark masses with m, < m; < m, < m, < m; < m, is understood, and therefore this
issue is referred to as the flavor puzzle of the SM, see e.g. Ref. [135].

While parameters of the CKM matrix can be extracted from measurements of flavor changing charged
currents (FCCCs), mediated by tree-level W* exchange, we learn that FCNCs are not induced at
tree level in the SM. Studies of FCNCs are therefore interesting for BSM physics searches, as they
test the quantum structure of the SM and are sensitive to scales much higher than the available
center-of-mass energies at current colliders. FCNC-induced decays are the main objective in this thesis.
In the down-type sector there are the b — s, b — d and the s — d transitions, whereas in the up-sector
t — ¢ and t — u transitions cannot easily be probed, as the top quark decays before hadronization.
Therefore, our main focus is on rare charm decays, induced by a ¢ — u transition, see Chapters 3 to 5.
These are the unique up-type candidates to probe flavor in the SM and beyond. Ultimately, all of the
aforementioned FCNCs need to be analyzed to fully explore the quantum structure of quark flavor
physics. We will therefore globally investigate FCNCs with dineutrinos in Chapter 6.

In Fig. 2.1 we illustrate typical one-loop contributions to b — s (left) and ¢ — u (right) FCNCs in the
SM. Differences between the up- and the down-sector loop only occur due to the internal quarks. This
has, however, a significant impact on the size of the contribution. Neglecting quark masses, the sum
over internal quarks leads to a sum of CKM factors that vanishes due to unitarity. This cancellation is
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u, c,t d,s,b

Figure 2.1: FCNCs in the SM for b — s (left) and ¢ — w (right) transitions. Insertions of
CKM factors at every dot are understood.

referred to as the GIM mechanism [15]. The otherwise exact GIM cancellation of the amplitude is
broken by the differences in the quark masses. Therefore, down-type FCNCs are driven by the heavy
top-quark mass, whereas for up-type FCNCs the GIM mechanism is more efficient. For rare charm
transitions in particular, a generic ¢ — u amplitude can be written as

1 . m?2 m? 1 . m? m?

In Eq. (2.11) the first term is GIM suppressed due to small differences between the strange and the
down quark mass. The second term suffers from a strong CKM suppression of order ViV, ~ O(\°)
and also includes the only involved CP-violating phase. Using masses from App. A, we obtain
Re[A(c — u)] ~5-107. In b — s a similar estimate yields Re[A(b — s)] ~ 1073. We learn that
FCNCs are tiny in rare charm decays, however enhanced by QCD effects, discussed in the next sections.
In the down-type sector the GIM cancellation is lifted by the heavy top quark mass and therefore the
weak SM amplitude is significantly larger than in rare charm decays. BSM physics on the other hand is
not necessarily suffering from CKM and GIM suppression, and therefore searches in rare FCNC decays
are encouraged.

2.1.2 Motivation for physics beyond the Standard Model

Despite its success and the lack of direct discoveries of NP particles, the SM is not the fundamental
theory of nature. The first clear indication of BSM physics is the experimental observation of neutrino
oscillations [27] by the Sudbury Neutrino Observatory [31] and the Super-Kamiokande experiment [30].
Although not directly measured, the evidence for neutrino oscillations implies non-vanishing neutrino
masses, which is not possible within the SM, due to the lack of RH neutrinos. The mixing mechanism
of the different neutrino flavors can again be described by a mismatch of gauge and mass bases and is
encoded in the so-called Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [27-29] in analogy to the
CKM matrix in the quark sector.

There are several more shortcomings of the SM from cosmological observations. First of all, the
visible matter only amounts to 5 % of the energy budget of the universe. Larger amounts of this budget
are taken by dark matter and dark energy, both of which are unexplained within the SM. On top of that,
the Sakharov conditions [33] imply that the observed baryon asymmetry in the universe, i.e. the fact
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that we observe galaxies formed from matter and none from antimatter, is only achieved via processes in
the early universe that fulfill three conditions. The first is the violation of baryon number B, the second
is the violation of C- and CP-symmetry, and the last one are so-called out-of-thermal-equilibrium
processes. In order to achieve the observed baryon asymmetry of the universe, new sources of baryon-
or lepton-number violating processes as well as new sources of CP—violation are needed. Also cosmology
deals with effects of gravity at large scales, an interaction not included in the SM as a quantum theory.

A more phenomenological argument for BSM physics is connected to the flavor puzzle. Most of the
free parameters of the SM are part of the flavor sector. As such, a fundamental theory should be able
to explain the observed hierarchies between masses and CKM entries, rather than having them as free
and accidental parameters. Several BSM models are proposed, which incorporate these hierarchies
as flavor symmetries. Those BSM scenarios include minimal supersymmetric models [136], U(1)py
Frogatt-Nielson extensions [137], discrete symmetries [138] and LQ-models [90, 139, 140].

The last motivation to further study BSM effects in flavor physics is the emergence of first hints for
NP in several B—decay observables and measurements of the muon anomalous magnetic moment.

B—decays have served as standard candles for the field of flavor physics ever since the planning and
operation of the B—factories Belle at KEKB in Tsukuba and BaBar at SLAC, see Ref. [141] for an
extensive overview. In recent years, the flavor physics program at the Large Hadron Collider (LHC)
in Geneva, mostly carried out by the LHCb experiment, as well as results from Babar and Belle
lead to the emergence of deviations in b — s£*¢~ and b — ¢/, induced observables and motivates
future flavor physics programs, see Ref. [63]. For the FCNC b — s¢*¢~, suppressed branching ratio
measurements [38-41], as well as deviations in angular asymmetries [42-47] make up a first class of
observables which show deviations from the SM predictions. These measurements are, however, subject
to potentially sizable hadronic uncertainties, as discussed in Refs. [142-146]. Deviations in optimized
observables [147, 148] testing LFU are therefore even more intriguing [34-37]. Similarly, ratios of
FCCC b — ¢f v, branching ratios are put to test and also yield signs of LFU violation [149-155]. All
of these anomalies globally do not exceed a deviation at the level of ~ 2 — 30, see for instance Ref. [55].

Looking at the SM prediction of the muon anomalous magnetic moment [53, 54| an even larger
deviation from the experimental average is observed, currently at the level of 4.20. The experimental
world average includes Run 1 of the Fermilab g — 2 experiment [48-51], as well as the earlier BNL
measurement [52], which are in agreement with each other.

Until future clarification, either due to theory improvements or due to upcoming updated mea-
surements with a higher statistical significance, these hints will stay and provide guidance for model
building. Cross-checks with other flavor sectors will help to disentangle the nature of possible BSM
physics.

One necessity is to investigate FCNC decays in the up-type sector. Here, rare charm decays are the
ideal candidate to perform SM tests, which is demonstrated in later chapters of this work. We also
refer to Ref. [5] for a recent review.
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2.2 Effective field theories

Due to the absence of direct evidence for BSM physics in high-energy measurements as of today
and the remarkable success of the SM, most models introducing NP particles are already tightly
constrained. This fact leads to a splitting of active research into two frontiers. One possibility is to
introduce weakly interacting massive particles (WIMPs) or even feebly interacting massive particles
(FIMPs) with light masses but tiny couplings, e.g. as dark matter candidates as in Refs. [156, 157]
and references therein. The second possibility is to introduce massive NP particles with masses well
separated from the electroweak scale (~ my,, m,, m;, m;). In the second scenario, indirect searches
become crucial as the energy to directly produce these particles might not be available at the LHC.
Since ambiguities with several models explaining the same signatures in data cannot be avoided, a
global and model-independent framework is needed to interpret data and identify deviations from the
SM. This framework is represented by an EFT and allows to systematically decouple heavy degrees
of freedom from a description at lower energies given a sufficient separation of these scales, which is
known as the Appelquist-Carazzone decoupling theorem [158]. Within an EFT a large class of models
are tested simultaneously in a bottom-up approach. Instead of calculating contributions to several
observables within one model (top-down), deviations of large sets of experimental data from the SM
are tested model-independently and provide guidance for model-building. However, the bottom-up
approach requires to add all possible terms, while top-down requires only those that are induced at a
certain scale by the model.

As a historic example, Fermi’s theory for f-rays [159] can be understood as an EFT. In this theory,
the massive W— and Z-bosons are integrated out and not present as dynamical degrees of freedom.
Instead, their effect is encoded in a coupling constant. The corresponding Hamiltonian for nuclear
decay is d — wer, induced and given by

4G,
V2

with P, = (1 — ;) being the LH projector, C the Wilson coefficient and G = sig?i the Fermi
constant with the numerical value given in App. A. Since the full theory is known, C' is determined
by matching the full theory onto the EFT at the mass scale of the particle integrated out, here my,.
Due to the normalization, C' = 1 at leading order (LO). The process of integrating out the W-boson is
shown diagramatically in Fig. 2.2.

2
_ _ q
H opermi = — Via C(uy, Prd)(ey, Prr,) + 0O (mg) ) (2.12)

w

The approach of writing down interactions as a sum of products of Wilson coefficients and effective
vertices as in Eq. (2.12) is formally referred to as the OPE and allows to systematically study all
possible interactions [124, 160]. Note that operators with higher mass dimension, i.e. involving more
particle fields, are suppressed by higher powers of the heavy mass scale, given by my;, in Fermi’s theory.

Since EFTs are often used for decays of hadrons, the energy scale is set by the hadron mass, whereas
the Wilson coefficients are evaluated at the electroweak scale. Therefore, QCD corrections need to be

10
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Figure 2.2: Feynman diagrams for nuclear 8 decay in (a) the full theory, i.e. the LO SM
and (b) Fermi’s theory.

accounted for. Consider the general effective Hamiltonian at dimension six

Hop = 3 CLw)O, (). (2.13)
A

where we introduced the renormalization scale u. We require our theory to be independent of this
scale, and therefore

d(C; (k)05 (1)) dC;(p) dO; (n)
i i 0 i ‘ . CAUREAN 2.14
dlog 1 0=\ Tog Oy(p) + C;(p) dlog 1 (2.14)
Due to this requirement and the renormalization of operators
dO; (p)
i =—~..0. 2.1
dlog ;05 5 (2.15)

which defines the anomalous dimension matrix (ADM) v,;, we find for the running of the Wilson
coefficients

dC;(p) 7
L —~..C. = O . 2.1
Qg 151% = 7)€ (2.16)
The ADM can be systematically calculated order by order in o, = g2/(47) as Yij (ag)=>" N %(g@ (%)k,
yielding for the Wilson coefficients at LO
0T e
4o ) )Y _ A (@4 a7
C(pu) =C(A) exp -log -2 = C(A) (s o (2.17)
26, s (k) a ()

11
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with ﬁénf) =11— %nf the LO beta function for the running of a, and ny the number of active quarks,
i.e. ny =5 for scales between the b-quark and the t-quark mass. The numerical value of a; at the
scale of the Z-boson mass is given App. A. The solution in Eq. (2.17) is the leading logarithmic order
(LLO) and resums contributions of the form (as log ﬁ)n to all orders (n € Ny). At next-to-leading

logarithmic order (NLLO), contributions of the form a, - (as log %)n are resummed and likewise for
higher orders.
For further details on the general concept of EFTs we refer to Refs. [124, 160-165.

2.2.1 Wilson coefficients at the charm mass scale

In this section, the calculation of SM Wilson coefficients for semileptonic ¢ — uf*¢~ transitions at the
charm mass scale p,. ~ m, is outlined. The presented results are based on Refs. [86, 87, 90] and the
PhD thesis [166], which is why we only give a brief outline and refer to the aforementioned references
for details on the calculation. The relevant effective Hamiltonian reads

141G ~ ~
TRk :—7” S VeV, (G P + Co(w Py (2.18)
My Zp>my 2 q€{d, s, b}
4G - - 10 -
T ek =——L N VeV | GwP? + Co(wP? + 3 Ci(wP, ), (2.19)
mp>pZme V2 q€{d, s} i=3

with a sum over light down-type fields. Above the b—quark mass scale, only the operators Pl(?; contribute

Py = (1,3, T°0) (@, 0" Ty P = (@pyuan)@ater) . (2:20)

At my, further operators P; with i = 3,...10 are also induced and are defined as

Py=(upvacp) Y, (@), Py = (ig7,T%;) Y (@°Tq),
{gm <p} {gm <p}
Py = (v vsmpc) Y. @*%a),  Po=(ugrars,0%) Y ([@**"T%),
S 1 e (2.21)
P7 = 72m0 (U’LU;WCR> pra PS = ;mc (T_LLO"LWTGCR) GZV?
By = 972<ULPYMCL> (E’WE) ’ Py = gﬁ(uLVMCL) (€7M75£) .

In Eqgs. (2.20) and (2.21) the generators T correspond to SU(3)¢, qr/r = (1 F v5)q are chiral quark
fields, o™ = %[7“, 7”], and the electromagnetic and chromomagnetic field strength tensors F),,, and
G, are defined as in Eq. (2.2).

Contributions to the operators in Eq. (2.21) are not induced at the matching scale p ~ my;, because
they are driven by penguin-type diagrams involving down-type quarks in the loop. For consistency,

12
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light quark fields form the operators but do not contribute to Wilson coefficients, which is why effects
of down-type quark masses are set to zero and the GIM cancellation becomes exact. When masses
are kept finite, large logarithms of ratios involving light quark masses are induced [166, 167]. We also
neglect contributions from primed operators, obtained from Egs. (2.20) and (2.21) by L <> R, as the
chirality flip yields an Tn—z suppression.

The calculation of SM Wilson coefficients is performed at (partly) next-to-next-to-leading logarithmic
order (NNLLO) in QCD,

Git) = E° () + 22U @) 4 (Oﬂff) G () + 0(a3(w)) (2:22)

The procedure is as follows. The Wilson coeflicients 5’1 and (72 are calculated at the matching scale py,
at next-to-next-to-leading order (NNLO). As a second step, the renormalization group (RG)-evolution
down to my, is performed at NNLLO in the RG-improved perturbation theory. A five-to-four flavor
matching is applied at next-to-leading order (NLO) at pu,, where the b—quark is integrated out. Parts
of the NNLO contributions are included as well. In this step, Wilson coefficients corresponding to
operators in Eq. (2.21) are induced. Finally, the RG—evolution of all Wilson coefficients is performed
again at NNLLO. In principle, the use of different orders in the individual steps is inconsistent, however,
missing NNLO calculations for the matching at u;, are expected to be small [166].

Following these steps and implementing them in a Python script yields the Wilson coefficients
presented in Tab. 2.2, where p, € [%, V2 mc] is taken as an scale uncertainty. In addition, we

explicitly checked that further scale uncertainties induced by the variations py = [%, 2myy] and
wy = [, 2m,] have negligible effect compared to the charm scale variation. In Tab. 2.2, the first
three columns show the NNLLO result for three different choices of the charm scale. The last column
shows the central value and symmetrized uncertainty of the respective Wilson coefficient. The obtained
values are in agreement with Refs. [86, 87, 90, 166]'. We provide the results of Tab. 2.2 split into LO,
NLO and NNLO contributions as in Eq. (2.22) in App. B.

For the phenomenological analysis of semileptonic ¢ — wf™¢~ processes, it is useful to define a
different and extended basis of operators. We use

4G
Heg O P2 Z(Ckok +CL0y), (2.23)

_Wﬂ k

where o, = €?/(47) is the electromagnetic fine-structure constant and we refer to App. A for the

IThere is a sign typo for 61’61) in [166].

13
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Table 2.2: SM Wilson coefficients CN’](M) for j € [1, 10] up to (partly) NNLO accuracy. In
the first three columns we display the values obtained for the three different choices of the
charm mass scale = v/2m,, u = m, and g = m,/+/2. The last column displays the central
value and symmetrized uncertainty.

p=v2m, p=m, p=m/V2 G, + AC
51(/1,) —0.5159  —0.6402 —0.7902 —0.64 £ 0.14
Cy(p) 1.0257 1.0349 1.0431 1.035 + 0.009
Cs(p) —0.0037  —0.0084 —0.0184 —0.008 4+ 0.007
Cy(p) —0.0583  —0.0953 —0.1649 0.095 4+ 0.05
Cs(p) 0.0002 0.0005 0.0011 0.0005 + 0.0005
Ce(pt) 0.0002 0.0009 0.0031 0.0009 + 0.0015
C, (1) 0.0020 0.0038 0.0071 0.004 £ 0.003
Cs(p) 0.0013  —0.0024 —0.0046 —0.002 4 0.002
Co(p) —0.0083  —0.0133 —0.0214 —0.013 4 0.006
10() 0.0000 0.0000 0.0000 0 £ 0
numerical value. The operators O,, are given as follows
O7 = %@LU#VCR)FW’ 0; = TZ (URU vep) PR
Oy = (U y,cr)(0440) Oé = (Upy,cr)(y"0),
Oy = ( L%ﬁL)(f’Y ¥5L) =(u 'YWR)(E’Y“’Y:%E) (2.24)
Os = (yep)(T0). 0;-—<aR 2)(0), |
Op = (@rcp)(lysh), = (Tger)(ys0)
1 1
Or = 5(“0 L) (Lot ), Orps = 2(uawc)(€a’“"y5£) :

We have added (pseudo-)scalar operators Og p, tensor operators Or r5 and primed operators, as while
they do not receive contributions within the SM, they might be induced in BSM models. Again, the
primed operators are obtained by L <+ R. The connection of the results presented in Tab. 2.2 and the
basis in Eq. (2.24) reads

47T e % eff(s
Oy = — [VaVaa C7" (@) + ViV, 0767 (@] (2.25)

CS " us
S

where C;%q>(q2) for ¢ = d, s are ¢> dependent effective coefficients containing all contributions of the
operators in Egs. (2.20) and (2.21) as well as two-loop virtual corrections from Ref. [86]. ¢ denotes
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Figure 2.3: Real and imaginary parts of perturbative contributions to C< (left), C§T (right)
in the SM as functions of ¢? in blue and lilac, respectively. C§¥(¢?) is not shown above
¢® 2 0.4GeV? as it remains essentially constant. The uncertainty bands are mainly due to
the scale uncertainty p,.

the dilepton invariant mass, i.e. the momentum transfer to the lepton pair in the ¢ — uf*t¢~ process.
We give explicit expressions for C?%q)(qz) in App. B, however, we display the real and imaginary parts
of Eq. (2.25) here in Fig. 2.3.

No further perturbative contributions exist in the SM for rare charm decays at this level of precision.
NP contributions can be studied model-independently as additional contributions to Wilson coefficients
of the operators in Eq. (2.24). Fig. 2.3 demonstrates the effects of the severe GIM cancellation in
rare charm decays. Perturbative contributions to C; do not exceed ~ 1072, and Cy is below 9(0.01)
for most of the kinematic region and only reaches 9(0.4) at a narrow peak in the very low ¢? region.
Note that QED corrections at two-loop order affect the SM values of Cy and C,, however, naive
estimates of these effects amount to O(3 %) changes for Cy, while for C, they imply the upper limit
Cs < 0.01 - G5 [166], which is at least one order below CSf.

2.2.2 Dineutrino Wilson coefficients

The situation further simplifies in the case of rare charm dineutrino transitions ¢ — wuvr. In the
SM, no light RH neutrinos exist and therefore only two operators contribute for each neutrino flavor
combination ij. Thus, the Hamiltonian is given by

_4Gpa.
V2 4

HT = (€7Q7 +€3Q7) + he., (2.26)
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with the four-fermion operators

9= (u,y,cp) (0 s ,
Q£ (7L’Y,u L)(J]L’y i) (2.27)
Qp = (UR%LCR) (VjL’Y“ViL)a

and where 4, j sum the neutrino flavors in the mass basis. No further dimension-six operators exist in
Vil Zfifyj . In Eq. (2.26) the normalization with = is used in order to easily compare to

0y AGr Oy ¢ pijnig | i
Ho :—T;E(JCLJOLJ—i—JCéO}%)—I—h.c., (2.28)

where the dilepton operators are then given by

Oi;j = (ﬂL’YMCL) (ZjLVMEiL) ) (2.29)
0% = (ﬂR%CR) (@LV“&L) ) (2.30)

and finally to connect with Eq. (2.23), we find the matching conditions

=Cy—Cy, (2.31)
=Cqy—Cqy, (2.32)

which holds for all i = e, u, 7. With these connections we see that X% is tiny in the SM and all other
contributions (i # j) vanish. Especially, contributions to € LJ R are absent as they can only be induced
via Z penguins, which are GIM canceled for up-type FCNCs and no electromagnetic corrections exist,
due to the neutrinos in the final state. For the purpose of our analysis in Chapter 6, we will completely
neglect SM effects. The reason is that NP effects can be sizable and interference effects with the SM
contributions in X% are numerically small.

Of course the basis in Eq. (2.26) is enlarged if light RH neutrinos are taken into account. They form
the following additional operators

Pr = (@rves) 7" Vi) = (@Rcr) Fir1" Vi)
SJ' = (?LCR) (V]Vz> ) / J = (ugc ) ( Vi), (2.33)
21% = (urcg) (Vj%Vi)a ” = (uger) (v ViYsVi )
lez = (ﬁapwc) (ﬂjo-l“’ )7 ( U C) (V ot 75 )

Clearly, the situation simplifies drastically in the SM, where only LH neutrinos build the operators.
We will investigate in Chapter 6 which implications can be drawn from the two-operator-scenario, and
how one can probe for the existence of the further operators in Eq. (2.33).
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2.2 Effective field theories

2.2.3 Standard model effective field theory and connections to other sectors

In this section, we briefly introduce the SMEFT. Here, all SM particles are kept as light particles and
appear in the operators. Assuming BSM physics to be sufficiently separated from the electroweak scale,
one is led to an EFT which is the formal model-independent generalization of the SM?. Consequently,
only NP contributions enter the Wilson coefficients in SMEFT and higher dimensional operators are
added to the SM Lagrangian

oo M4 (d)

d
LsmerT = Lsm + ZZ - 1 @ Q" (2.34)

where d denotes the dimension of the effective operator and n, is the number of independent operators
at dimension d. For each dimension d the higher dimensional operators are suppressed by d — 4 powers
of the NP scale A, such that it is sufficient to only consider the first appearing terms in the infinite sum.
A very clear distinction from the WET is that operators are required to be invariant under the full SM
gauge group. At dimension five, only a single operator exists [169], which can generate Majorana masses
for neutrinos and is lepton-number violating. Even-dimensional operators on the other hand conserve
both lepton and baryon number [170, 171]. The foundations of SMEFT dimension-six operators were
given in Ref. [172], however, an overcomplete set is given. The first basis without redundancies, now
referred to as the Warsaw basis, was given in Ref. [173]. Operators at higher dimensions are also known
and can be obtained by an algorithm known in the literature, see the recent review Ref. [174] and
references therein. The main argument to utilize the SMEFT framework is that it is model-independent
(assuming NP to be sufficiently heavy) and therefore able to test the SM in all sectors simultaneously
by performing a global fit of SMEFT Wilson coefficients. However, the prize to pay is the huge number
of free parameters. Although only 59 independent operators exist at dimension six, there are flavor
indices to be taken into account. In the most general case, operators with different flavor indices are
not connected, such that the number of free parameters at dimension six increases to 2499. In order
to make progress with limited data at hand, it is therefore necessary to investigate parts of the full
SMEFT parameter set. That is why we refrain from listing the full set of 59 operators at dimension
six. Instead, we quote operators relevant for this work, which are the four-fermion operators

LsMEFT O Q%Q Ly*L + Q’m 7°Q Ly* 7L + UfyMULwL + nyMD LyL. (2:35)

Here, 7% are the Pauli-matrices. We have dropped four flavor indices in each operator and Wilson
coefficient for readability, but note that these are crucial when effects of these operators are studied.
Although the ultimate goal would be a global fit to SMEFT Wilson coefficients including all 2499
free parameters (at dimension six), the SMEFT framework allows for fundamental and consistent

2A second implicit assumption in SMEFT is that the discovered Higgs boson is indeed a fundamental SU(2);, particle.
An even more general ansatz relaxing this assumption is given by the so-called Higgs Effective Field Theory (HEFT),
see for example Ref. [168].
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2 The Standard Model and effective field theories

analyses already with a limited amount of available data. Furthermore, the SMEFT helps to correlate
different sectors and provides guidance for NP searches in flavor physics. As discussed in detail in
Chapter 6, the operators in Eq. (2.35) allow to connect different quark and lepton flavor sectors via
dineutrino observables.

2.3 Summary of standard model Wilson coefficients

To summarize the chapter, we collect SM contributions to Wilson coefficients for ¢ — v FCNCs within
the different implementations. In the WET only C; and Cq receive finite contributions. However, these
are negligibly small, see Fig. 2.3. We quote again

C(g?) <5 x 1073,

2.36
Csf(q? > 0.2GeV?) S5 x 1072, (2:36)

For dineutrino modes we work with
K lsn = Ko =0 Vi, j€1, 23], (2.37)

as SM effects are not within reach of current and (foreseeable) future flavor experiments. Lastly, we
note again that by construction SMEFT Wilson coefficients vanish in the absence of BSM physics, see
Eq. (2.34). As we have seen, this also holds in the WET for ¢ — w/*¢~ and ¢ — uvv induced modes
to good approximation, but is different for down-type flavor transitions, see Secs. 6.3 and 6.4.
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We discuss the SM phenomenology of (differential) branching ratios and CP-asymmetries in rare charm
decay channels as well as CP—asymmetries in two-body hadronic D-meson decays. First, we give a
general overview of different concepts for the parametrization of hadronic matrix elements available
in the literature in Sec. 3.1. In Sec. 3.2 we turn to rare charm decays and discuss B(D° — £1/7)
with £ = e, pu. Sec. 3.3 contains the SM phenomenology for semileptonic D-meson decays such
as DT — w™¢T¢~. Here, we discuss utilized form factors and SM contributions from intermediate
resonances, which turn out to dominate the differential branching ratio in the full phase space region
in semileptonic rare charm decays. We estimate and discuss (differential) branching ratios in the SM.
A similar strategy is utilized to obtain the SM phenomenology in semileptonic three- and four-body
decays of charmed baryons in Sec. 3.4. Finally, we discuss generalities as well as the SM phenomenology
of CP—asymmetries for the rare charm decay modes as well as for hadronic decays in Sec. 3.5.

3.1 Parametrization of non-perturbative hadronic matrix elements

As introduced in Sec. 2.2 the OPE leads to a factorization in Wilson coefficients and effective operators,
where the latter are split into lepton and quark currents. Effects from the lepton currents are calculated
perturbatively, whereas the quark currents are sandwiched between matrix elements of either a vacuum
state or a physical hadronic state and suffer from non-perturbative QCD dynamics. It is however useful
to exploit the Lorentz structure of hadronic matrixz elements as well as symmetries of QCD such as parity
conservation and split contributions accordingly. This leads to a separation of effects into contributions
proportional to so-called decay constants and form factors. More details and numerical values for form
factors and decay constants of multiple (semi-)leptonic decay modes discussed throughout this thesis
are compiled in App. C. Here, we provide an overview of available approaches for the parametrization
and calculation of these hadronic matrix elements.

The easiest case is a matrix element involving a single hadronic state, as for instance appearing
in purely leptonic decays. This matrix element is proportional to a single non-perturbative factor,
which is referred to as the decay constant of the hadronic state. Exemplary, the decay constant of the
DY-meson is defined as

(O[ay~5e| D°(p)) = —ifpp* , (3.1)

where p* is the D°~meson’s four-momentum and only available kinematic variable. A tensor operator
cannot contribute, since no anti-symmetric tensor can be built from a single four-vector. For the
scalar contribution Eq. (3.1) can simply be multiplied with p, and the equations of motion (EOM)
of the involved quarks can be applied. Contributions of operators without 5 vanish, as the DV is
parity-odd. Therefore, Eq. (3.1) applies to any pseudoscalar meson and no further non-perturbative
factor is needed. Following similar arguments, hadronic matrix elements involving more than one
hadronic state are written as linear combinations of available kinematic variables and form factors. For
example, for a transition D — P involving two pseudoscalars, as in D™ — 7" ¢/, three independent
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3 Phenomenology of rare charm decays in the Standard Model

form factors, f, 70’T(q2), are needed to describe all hadronic matrix elements,

2 .2 2 .2
(P(k)|iny"c|D(p)) = <p+k>#—%q# f+(q2)+q“me2 T f (), (3.2)
2fT<q2>

(P(k)|uct(1 £75)c|D(p)) = —i (p"k” — k¥'p” £1e"7p k) (3.3)

mp+mp’
where p, k are the four-momenta of the D—-meson and final state meson P, respectively, and ¢ = p — k
is the four-momentum of the dilepton system. The dilepton invariant mass squared ¢? will appear
frequently as an important kinematic variable and refers to the fraction of energy carried by the lepton
pair.

For a P, — V transition, with a vector meson V| seven independent form factors are sufficient to
describe all hadronic matrix elements, whereas the number further increases for baryon transitions
B, — B,, where ten independent form factors are needed. We refer to App. C for explicit expressions.

For the estimation of decay constants and form factors three different approaches exist:

1) Fits to experimental data: Here, one has to assume that a certain semileptonic transition is
SM dominated. Then a direct fit of a form factor parametrization to data can be done. However,
we will mostly refuse to make use of this possibility, as we are interested in possible NP effects
and do not want to make strong assumptions.

2) Lattice QCD (LQCD): A straightforward approach towards the calculation of form factors
and decay constants is given by LQCD. Here, QCD is simulated on a discrete lattice and within
a finite volume instead of the continuous and infinite space-time. This approach is limited by
computing power due to discretization uncertainties. As a general feature, the simulation works
better if the participating quarks are slow and do not leave the finite volume of the simulation.
LQCD is therefore expected to work best at high ¢2, or synonymously at low hadronic recoil.

3) Light-cone sum rules (LCSR): LCSR are obtained by considering the correlator of the time-
ordered product of two quark currents evaluated between the final state on-shell meson and the
vacuum [142]. This method is complementary to the LQCD approach as the convergence of the
Light-cone expansion is limited and works below a certain ¢? value, and therefore is expected to
be applicable especially at low ¢? values, i.e. large hadronic recoil.

Due to the complementarity of the different approaches it is customary to combine input from LQCD and
LCSR and perform fits for the form factors, see for instance Ref. [144] for modes induced by b — s and
b — d quark transitions. Further combinations and averages are provided by the HFLAV collaboration,
see Refs. [175, 176] for the last two publications and updates at https://hflav.web.cern.ch/.

Despite the increasing effort, form factors often pose the dominant source of theoretical uncertainty
in both SM and BSM predictions of semileptonic baryon and meson decays with a typical uncertainty
of O(10 %) originating from the non-perturbative hadronic matrix elements.

In the following sections we explicitly provide information for form factors and decay constants used
in our analyses either directly in the main text or in App. C. We also focus on rare charm decays from
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3.2 Leptonic decay D° — ¢4~

now on. However, rare decays in other flavor sectors, including form factors and decay constants for
b — s, b—d, s — d transitions, will become relevant in Chapter 6 and are therefore also contained in
App. C.

3.2 Leptonic decay D" — (/-

The simplest rare charm decay is the purely leptonic decay of a D°~meson D° — ¢*¢~. In agreement
with Ref. [177] and for vanishing up-quark mass we obtain for the branching ratio in terms of Wilson
coefficients

GZa?m3, f2 4m? 4m?
0 +p—-) — F~e""DJ D _ 4 _ L 2
BD® — ) = mp D, s {(1 m%>ycs c
, ) (3.4)
/ m mc /7
+ CP_CP+7?TL€2 (Cro — Clo) ;
D

where 7, is the lifetime of the D°~meson and f|, its decay constant defined in Eq. (3.1).
Here, the lepton currents of the respective operators factorize. Due to the helicity suppression, the

axial vector contributions from C%) are m% suppressed with respect to contributions from (pseudo-)scalar

coefficients. Sec. 2.3 implies Cg) ~ Cg )~ C%) ~ 0, so that SM contributions to the leptonic decay are
strongly suppressed. In fact, the dominant SM effect for the muon final state is estimated to stem
from an intermediate two-photon contribution and scales as [98]

B(D® — ptp™) ~2.7-107° - B(D® — ). (3.5)

Using the current upper limit B(D° — vy) < 8.5-107 at 90 % confidence level (C.L.) from the Belle
collaboration [178], SM effects are not expected above @(10711). On the other hand the direct search
by LHCb [73] resulted in an upper limit of B(D° — pu*u~) < 6.2-1072 at 90 % C.L., which already
constrains the involved Wilson coefficients in Eq. (3.4). An in-depth discussion of all available bounds
on BSM Wilson coefficients is given in Sec. 4.1.

3.3 Semileptonic meson decays D — P{T/~

The first rare charm decays without helicity suppression of (axial) vector operators are the semileptonic
decays D — mft¢~ and D} — KT¢*¢" where for the D — 7 transition both charged and neutral modes
are possible. In this section, we study SM contributions to these three decay modes. First we discuss
external input for the form factors in Sec. 3.3.1, then we model long-range QCD resonance contributions
from intermediate vector and pseudoscalar states, which turn out to dominate the short-distance effects
discussed in Sec. 2.2. In Sec. 3.3.3 the resulting phenomenology of both short- and long-distance SM
contributions are discussed.
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3 Phenomenology of rare charm decays in the Standard Model
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Figure 3.1: The D — 7 form factors f, fy, fr from LQCD [179, 180] in blue, red and
green, respectively, and f, from HFLAV 2017 [175] in gray, solid lines are wrapped by their
1o uncertainty bands.

3.3.1 Form factors

For the form factors we follow Refs. [179, 180], where LQCD results are reported for D — 7 transition,
the three relevant form factors, f, o r(¢?), are defined in Eq. (3.2) and Eq. (3.3). The authors in
Refs. [179, 180] make use of the so-called z—expansion, for i = +,0,T,

F?) = s | 100+ o) = 200 (14 220 (3.
where
A=Y VL Tl g, = (mp + mp) (D — R (3

IRV RN

The numerical values of the parameters f;(0), ¢, and P, along with their uncertainties and covariance
matrices are given in [179, 180] and collected for completeness in App. C. Taking into account these
correlations, Fig. 3.1 shows the D — 7 form factors within their 1o uncertainties. Also shown in gray
is f, obtained from the HFLAV collaboration as of 2017 [175], where fit parameters are extracted
from data on semileptonic D — 7lv decays from several experiments. Fig. 3.1 clearly shows the
improvements in form factor extractions in the past few years. In the most recent HFLAV update
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3.3 Semileptonic meson decays D — P{T{~

several lattice calculations are presented and an average can even improve the uncertainty, see Table
280 in Ref. [176] and proves good agreement between the lattice collaborations and between lattice
values and results extracted from experimental data. However, since as of today the updated results
are only available at ¢> = 0, we stick to the results from Refs. [179, 180]. Furthermore, we assume
the D, — K and D — 7 form factors to be the same, which is motivated by U- and V-spin symmetry
and supported by the lattice study [181]. The D — 7° form factors receive an additional isospin
factor f; — f,;/v/2. Here and in the remainder of this thesis we use flavor symmetries of light quarks
such as isospin (u <> d), U-spin (s <> u) and V=spin (s <> d) to relate form factors. They are SU(2)
subgroups of the larger SU(3), symmetry, which holds in the limit of degenerate masses for the light
quarks u, d, s. At LO this symmetry holds, as effects of the spectator quarks are neglected in naive
factorization. We remark that isospin and U—, V-spin breaking effects are induced by mass differences
and U(1)p effects and can amount to few % and O(20 %), respectively.

3.3.2 Modeling QCD resonances

The results of the previous sections include perturbative short-distance SM contributions in naive
factorization. Here, contributions are expressed as products of Wilson coeflicients and form factors.
BSM effects can also be probed within this framework via additional contributions to Wilson coefficients.
However, further SM contributions need to be taken into account, which are then labeled as non-
factorizable contributions. These include in general annihilation, spectator scattering and form-factor
correcting contributions. It is not possible to calculate these contributions from first principles as the

rather light charm quark mass close to the scale of QCD confinement AZCCD ~ 1 prohibits a systematic

expansion within the QCD Factorization (QCDF) approach [102]. There are two different possibilities
to deal with this obstacle, both of which are discussed in the remainder of this subsection.

The first approach is taking into account vector meson dominance (VMD), where only contributions
of intermediate (vector) resonances are modeled as they are expected to dominate the non-perturbative
effects. This approach follows the lines of Refs. [91-94, 96] and is also applied in Ref. [90]. Schematically,
these contributions proceed via D — PM (— ~* — ¢7¢~) with M being one of the light vector resonances
M = p, w, ¢ or pseudoscalar resonances M = n, n’. Such a cascade factorizes in the narrow width
approximation I'y; < my, as [91, 182]

B(D — PM — P{t0")=B(D — PM)-B(M — {T{7). (3.8)

Eq. (3.8) is reproduced by a simple phenomenological ansatz in terms of a Breit-Wigner contribution
to the decay amplitude for vector resonances

Gro, apyexp(idyy)
22 ¢ —m2, +imy Ly

Ay = Up)p Lp-) (3.9)
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and for pseudoscalar resonances

. Gra ay;exp(idyy) _
Ay, = e 7 tp.), 3.10
1Ay 22 @2 —m2y + ima oy (P4 )75¢(p-) ( )

where a,, is a positive real fit parameter fixed by experimental input and Eq. (3.8). p, and p_ are
the four-momenta of the two leptons implying p, + p_ = g and §,, is an unknown strong phase. Now,
since these amplitudes enter on top of the perturbative contributions it is convenient to include all
effects according to the lepton currents compactly as

i
- 1 1 1 age ?
CH(¢?) = a, e —3 : ’
0 (¢7) = a,e™ ¢ —mZ2+im, I, 3¢*—m2+im,[, —i_qQ—TrL%—i—imd)F(z> (3.11)
. 3.11
id
a,e’n a,
CE(¢®) = ; + :

2 —m2+im,I, ¢ —mf], +im, I,

By doing so, effects from Egs. (3.9) and (3.10) are explicitly scaled with the form factors entering
Cy and Cp contributions and therefore further increase the associated uncertainties'. This procedure
is conservative as the a,, factors are fixed only at a single ¢? point (¢> = mi for a,) and the q>
dependence is unknown, whereas the ¢? behavior induced by the form factors is modest, as apparent
from Fig. 3.1. In Eq. (3.11) the p and the w contributions are related via isospin 3 a,, = a, to reduce
the number of parameters in accordance with Refs. [90, 93, 96]. SU(3) further relates the strong
phases, which implies the minus sign between the p and the w contributions and predicts |J ,— 0yl =,
see Ref. [96]. Although very naive and data-driven, this approach reproduces the anticipated VMD
and properties of the involved resonances. Most importantly, long-distance effects are induced by
QCDxQED and included as effective contributions to the Wilson coefficients Cy and Cp. Using
experimental input for the involved masses, widths, and branching ratios in Egs. (3.8), (3.11), which
are collected in App. A, and the differential decay distribution from App. E.1 we can extract the a,,
parameters for all resonances and all D — P£*¢~ modes for the muon final state £ = u. This is done
by separately including one resonance at a time. The results are compiled in Tab. 3.1. For a,, we only
quote an estimate, since B(n’ — ptp~) is not measured, see App. A.

Since the last update of Ref. [1] experimental results for B(Dt — 7t ¢), B(Df — K*n), B(Df —
K*n') and B(D! — Kw) were updated in Ref. [184]. Except for negligibly small changes, the values
in Tab. 3.1 are unchanged with respect to results presented in Ref. [1]. With these updates direct
calculations of a,, yield ratios a,/a, = 0.05, 0.17 and 0.17 for D° — 7%, D* — 7% and D} — K™,
respectively, which is below the expected isospin limit a, /a, = % Uncertainties on a;, parameters can
further be reduced in the future with improved measurements of hadronic branching ratios B(D — 7w M)
and B(D, — K M), but their numerical impact is small as long as the strong phases §,; remain unknown

n

1One has to be careful when comparing the obtained a,, factors with the literature. For instance in Ref. [183] the
resonances are also scaled with the form factors, however a,, parameters are used from Refs. [91, 92], where the
parameters are fitted without the additional form factor scaling.
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3.3 Semileptonic meson decays D — P{T{~

Table 3.1: Resulting phenomenological resonance parameters a,; (in GeV?) for D* —
atutp=, D° — 7%t p and DY — KtpTu~. They are extracted from experimental
measurements of B(D — wM), B(D, — KM) and B(M — u"u~) where M denotes one of
the resonances p, ¢, n,1n’.

CLp CL¢ an an/

Dt — gt 0.18 + 0.02 0.23 4+ 0.01 (5.7 +0.4) x 1074 ~8x 1074
DO — 70 0.86 + 0.04 0.25 + 0.01 (5.34+0.4) x 1074 ~8x 1074
Df — K+ 0.49 4 0.04 0.07 £+ 0.01 (5.6 4 0.4) x 10~* ~9x107*

and need to be varied within —m < §,;, < 7.

A second approach for modeling the long-range dynamics in rare charm decays is taken in Ref. [104]
for D — 7" ¢, which further improves the results of Ref. [102] for D — p¢*¢~. Here, the authors
obtain the resonance contributions via a dispersion relation, based on Ref. [185]. The parameters of
their model are extracted from e*e~ — (hadrons) data and similar branching ratios as in Eq. (3.8).
Although this approach might be more advanced than the first one from a theoretical perspective, it
also relies on experimental input, even introduces more model parameters and does not include effects
of the pseudoscalar resonances 7, n” [104]. In the end both approaches result in similar branching ratio
predictions, which is discussed in the next section. In agreement with Ref. [104], we conclude that
none of the aforementioned resonance models needed for the description of D — w£*¢~ and other rare
charm decays is completely sound from a theoretical perspective. Later sections of this thesis, however,
demonstrate that this resonance pollution does not hamper the possibility to test NP in rare charm
decays.

3.3.3 Phenomenology

With relevant form factors as well as short- and long-distance contributions at hand, we are able to
discuss the (differential) branching ratio of D — P¢*¢~ decays in the SM. The decay is described by a
double differential distribution [177]

d’r

dPdeoss, — @) + V@) cosby + c(g7) cos® 6, (3.12)

where 6, is the angle between the momenta of the £~ and the final state meson P in the dilepton rest
frame. Angular observables are built from the ¢? depending factors a(q?), b(q?), c(¢?) and will be
discussed in the SM and beyond in Sec. 5.1.1. Here, we discuss the ¢? differential decay distribution,
obtained via cosf, integration within the allowed range —1 < cosf, <1

1 2 2
d=r dr c(q?)
_ - —9. 2 . 1
/ d2dcos eédcos 0, e (a(q )+ 3 ) (3.13)
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Including only SM contributions, we obtain in agreement with Refs. [90, 166, 177]

dr G223 2 2m?
_HV)\DP‘{B)\DP(l‘FqQZ)ﬁ

2
2m fr
dg®>  102475m3,

CCH+CR+CCH c
T Tmptmef, (3.14)

2
q
+ Ly, —m2p>2f3|c§|2},
mC

with App = A(m%), m%, ¢*) = mb +mp+q* —2m%H mi—2m% ¢ —2m% g2, Ma, b, ¢) the usual Kéllén

function and 8, = /1 — 4:;;3 . The full distribution in terms of all Wilson coefficients can be found in

App. E.1. The only difference between the three different modes D¥ — 7*¢*¢=, D° — 7%¢*¢~ and
D — Kt is the values for mp, mp and the form factors. To obtain the differential branching
ratio, also the different lifetimes 7, need to be taken into account.

In Fig. 3.2 we show the differential branching ratios % =T7p- éi—ql; for Dt — 7t u"u~ (left plot)
and Df — K*utp~ (right plot). We use Eq. (3.14) with the resonance contributions from Eq. (3.11)
and a,,; parameters collected in Tab. 3.1, shown in orange, as well as the perturbative contributions
C’?ffg as discussed in Sec. 2.3, shown in blue. Main sources of uncertainties are shown as bands and
stem from form factors as well as strong phases —m < d,, < 7 for the resonant contributions and ,
scale variation for the non-resonant contributions. For the resonant contribution, the solid line shows
the evaluation at central values and for fixed strong phases §, = 0 and J, = 7 consistent with the
SU(3)p limit |6, — d,| = 7. The dashed solid line shows the scenario with 6, = §, = 0 for comparison.
Clearly, the resonances yield contributions several orders above the perturbative SM calculation in the
whole allowed kinematic region. Perturbative contributions are therefore negligible for the estimation
of the SM branching ratios and hence branching ratio measurements do not probe perturbative effects.
This situation is in stark contrast to similar rare decays in the beauty sector. Here, perturbative
contributions dominate for most of the available phase space and resonance effects are avoided by
appropriate selection criteria, however are also blocking the road to ultimate precision [63]. The
fundamental difference between the up- and down-sectors in this respect is the GIM mechanism, which
is lifted by the heavy top quark mass in down-type processes, however highly effective for up-type
FCNCs such as rare charm decays.

We also learn from Fig. 3.2 that uncertainties in the modeling of resonances, mainly driven by
the unknown strong phases d,,, are huge and very sensitive to interference effects, as apparent from
different behavior in low and high ¢? regions for D — 7 and D, — K transitions. The different
hierarchy between a, and a, from Tab. 3.1 leads to larger uncertainties for the low ¢ region up to the
p/w peak for D — 7 and a rather stable behavior for ¢? > mi, whereas the situation is the opposite
for D, — K. This sensitivity to interference effects can only be reduced with better knowledge of the
resonance model parameters, which can only be achieved via improved data in the future. Effects from
the pseudoscalar resonances 7, 7 on the other hand are negligible for the calculation of the branching
ratio due to their small widths and only have an influence exactly at ¢? = mfi and ¢ = m%

Due to the sizable uncertainties, the branching ratio cannot be reliably predicted. In order to
compare the predictions in Ref. [104] with the resonance model in Eq. (3.11) and with limits from

/.

26



3.3 Semileptonic meson decays D — P{T{~
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Figure 3.2: Resonant (orange) and non-resonant (blue) contributions to the differential
branching ratios of the rare charm decays DT — wtutp~ (left plot) and Df — Ktputu~
(right plot) in the SM. The band widths show theoretical uncertainties of resonance parameters,
1. variation and hadronic form factors and solid (dashed) lines show the evaluation for
central values of input and fixed strong phases, see main text.

experimental searches, we integrate the orange band from Fig. 3.2 to give a rough estimate. However,
since the model is data-driven we do not claim a central value with uncertainties and only provide the
order of magnitude. We exemplary compare numbers for all three decay modes for the experimentally
defined regions

o high ¢? region:  (1.25GeV)? < ¢% < (mp —mp)?,
o low ¢? region:  (0.25GeV)? < ¢? < (0.525GeV)?,

and collect our estimate, the prediction from Ref. [104] and the 90 % C.L. upper limits in Tab. 3.2.
From Tab. 3.2 we learn the following

o Although only available for D™ — 7"y~ we conclude that the simple resonance model is in
agreement with the approach followed in Ref. [104] within uncertainties and only experimental
input will help to disentangle and improve the resonance behavior.

e For D* — 7" u*p~ the experimental upper limits are one order of magnitude away from the
predictions in this work and Ref. [104], and therefore close to observation. In Ref. [76] an improved
upper limit B(D" — 7t pTu™) < 6.7x 1078 at 90 % C.L. for the full ¢ region is already reported,
however not used here, see next point.

« Experimental upper limits are reported for the full ¢? region, although the resonance region,
roughly from the 7 mass up to the ¢, is cut out in the analyses. The signal events in the low ¢>
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3 Phenomenology of rare charm decays in the Standard Model

Table 3.2: Comparison of integrated branching ratio predictions for the resonant SM in
this work and Ref. [104] with the 90 % C.L. upper limits for the high and low ¢? regions
q?> > (1.25GeV)? and (0.25GeV)? < ¢? < (0.525GeV)2. § marked upper limits are only
available for the full ¢? region, see main text.

mode and ¢? bin This work Ref. [104] 90 % C.L. upper limit
B(D* — wrputpm) x 109
high ¢? 0.3...3 2.7750 26 [75]
low ¢ 0.1...3 8.5 20 [75]
B(D® — 7%utp~) x 10°
high ¢? 0.1..2 - 1.8-10° 1 [186]
low ¢? 3...6 - 1.8-10° 1 [186]
B(DF — KTptp™) x 10°
high ¢2 0.03...0.3 ; 140 1 [76]
low ¢ 3.4 - 140 1 [76]

and high ¢ regions are extracted and then extrapolated to full ¢2. Since the individual upper
limits are not available, it is not possible to compare the branching ratio estimates.?

Note that instead of same flavor charged leptons in the final state also LF'V modes and dineutrino
modes can be studied. The former are forbidden in the SM and discussed as SM null tests in Sec. 5.4,
the latter are discussed separately in Chapter 6.

3.4 Rare charm baryon decays

In this section, we study semileptonic decays of charmed baryons as an extension of analyses of charmed
meson decays in the previous section and Refs. [88, 90]. The motivation to study baryons instead of
mesons is complementarity. Due to the enriched spin structure more combinations of Wilson coefficients
appear as well as an increased number of angular observables.

The lightest charmed baryon is the A, with a mass of m, ~ 2.3GeV and therefore the easiest
semileptonic rare charm baryon decay is A, — p¢*¢~. However, more possibilities to test the ¢ — wl*¢~
quark transition in baryon decays exist. In total, we identify five three-body modes >

A —»ptte—, Ef Xt 20 X%t B0 A%t 20— 20 (3.15)

2For future analyses we suggest to quote either the extrapolation factor or limits on individual bins as in Ref. [75].
3Two further decays are presumably possible =/t — XT¢t¢+ and Z/0 — A%¢* ¢~ [112], however neither the quantum
numbers nor the lifetimes of =/ and =70 are measured yet.
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3.4 Rare charm baryon decays

Table 3.3: Phenomenological resonance parameters a,; (in GeVz) for rare charm baryon
transitions (first column) extracted from measurements of B(A, — pM) and B(M — ptpu™)
with M = w, ¢, n, 7/, see text for details.

a, Qg a Qpy

7 7
A, —p 0.062 + 0.009 0.108 4+ 0.008 (5.8 +0.8) x 107* ~5x 107*
EF 3t ~ 0.06 ~ 0.1 ~5x1074 ~4x1074
20 30 ~ 0.06 ~ 0.1 ~5x107* ~4x107*
Z9 5 A0 ~ 0.06 0.080 4 0.013 ~5x 1074 ~4x107*
20— =0 ~ 0.05 ~ 0.09 ~5x107* ~4x107%

and three (quasi-)four-body modes

EF s X (=pr)ete—, E0 = A= pr)te, 20— E9(— A7)t (3.16)
with details given in the next sections. Again, the study of LFV modes and dineutrino modes can
be found in Sec. 5.4 and Chapter 6, respectively. Unless otherwise stated we refer to these modes
with By — By¢"¢~ and B, — B,(— Bym){*{~, i.e. B, is the initial charmed baryon, B is the final
(intermediate) state baryon in the three-body (four-body) case, and B, is the final state baryon in the
four-body modes.

Besides the short-distance contributions we again model intermediate QCD resonances B, — B; M (—
¢7¢7) by the phenomenological ansatz, i.e. we apply Eq. (3.11).

In Sec. 3.3.2 we have learned that a,/a,, = % from isospin does not necessarily hold for the meson
case, however we are forced to apply it also for the baryons as no data on B(B, — Byp) is available.
Results for the baryon a,, parameters are compiled in Tab. 3.3. Again, experimental input from App. A
and the distribution from App. E are used. Note, mostly branching ratios of the A, are available, such
that these also serve as an input for all other baryon modes. We refer to App. C for details on this
procedure.

In Ref. [6, 8] we used a,, = a,, as the recent result from the Belle collaboration for B(A, — pn’) [187]

was not available. However, as apparent from Tab. 3.3 the approximation still holds, especially
considering the lack of data on B(n’ — putpu™).

3.4.1 Semileptonic three-body decays

For the baryonic three-body modes, the angular distribution reads

a°r 3 :
m = 5 . (Klss Sln2 92 + chc 0082 06 + ch Cosee) . (317)
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3 Phenomenology of rare charm decays in the Standard Model

Here, 6, is the angle of the £* with respect to the negative direction of flight of the A, in the dilepton
rest frame.

Form factors are available from LQCD [103], quark models [188] and for =, — X from LCSR [189).
In the baryon case ten independent (axial) vector and tensor form factors exist

f07f+7fj_ng7g+7gJ_7h+7hJ_77L+7;LJ_' (318)

Their definitions and further details are compiled in App. C. We use the results from Ref. [103] and
apply SU (3)  relations for the other baryon modes. The same SU (3) relations have been employed
to relate the A, — pM branching ratios to any other B, — B; M branching ratio in the determination
of the a,, factors in Tab. 3.3, along with two-body phase space factors. Again we refer to App. C for
further details.

The ¢2-dependent coefficients K, K. and K, are given in App. E.2 and are obtained using the
helicity formalism, see Refs. [190-193], which we introduce and discuss separately in App. F. In the
SM the ¢? differential decay distribution is given by

dr 1 d’r
3.2 —————dcosl, =2 K K
dg? /1 dg?dcos b, cosTe 1ss T Hce

G%‘ae%BE\/ABOBl

T 1536 momE, [ (2% + 4m) C?HQ;ZC (mp, +mp,)h, +(C5" +C§)f, s
2m - 2
+ (2¢% + 4m?) C?H qQC(mBo _ mB1>hJ— i (CSH LRy, | - s,
(3.19)
+ (142 ) [C52meh + (G5 + CF) - (g, + m )1 s
( ) \Ceﬁzm hy + (C5T+ CR) - (mp, —m31)9+’2'3+

3¢? 2 £2 2 2 R |2
+ m2 ((mBO —mp ) f5 s, (mp, +mp )95 57> ICE] -
where, again, A 5 = )‘<m2307 m2317 ¢?) is the Kallén function and we introduce s, = (mp, j:mBl) —q>.
For the contributions proportional to |C'}P§|2 we neglect the lepton masses, since we are only interested

in the size of the contributions of the pseudoscalar resonances. In this limit no interference terms
between the scalar and vector contributions exist, which is in agreement with Ref. [194].
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3.4 Rare charm baryon decays

Table 3.4: Collection of the branching ratios and weak decay parameters « of the secondary
baryonic B; — Bym decays [184] for self-analyzing rare charm four-body decays By, — B;(—

Byl e
EF = Xt (= prtes Z0 5 A (= pretes 029 — 20 (— A0t
B(By — Byr) (51.6 + 0.3)% (63.9+0.5)% (99.5 £ 0.0)%
a (—98.0 + 1.0)% (73.0 £ 1L.0)% (—36.0 + 1.0)%

3.4.2 Semileptonic (quasi-)four-body decays

We also study (quasi-)four-body decays, where the secondary baryon decays weakly B; — By
with sizable branching ratio and polarization parameter «. The total decay chain for the resonance
contributions is then given by By, — ByM(— (t{7) — By{t{~ — By(— Bym){T0™ — BymlT(™, as
the lifetime of the resonances M = p, w, ¢, n, n” is much shorter than the weak decay of the daughter
baryon B; = X, A% Z°. Hence, we can use the same a,, parameters from Tab. 3.3 and also the same
form factors apply. The advantage of the four-body final state is that it offers an increased number of
angular observables. The angular distribution now reads
a‘r 3

— | Ky, sin?0, + K

= 29 K 9
d¢?dcosf,dcosf . dp  8m Cos™ 0, + [y, COSOy

lcc

+ (K, sin® 0, + Ky, cos® 0, + K,, cost,)cosb,

(3.20)
+ (K3, sinf,cos, + K3, sinf,) sin 0, sin ¢

+ (K. sinf,cosf, + K, sinf,)sinb, cos¢| .

0, is the same angle as in the three-body case, Eq. (3.17). Similarly, 0, is the angle between the
momentum of the final state baryon (B,) and the negative direction of flight of the By baryon in the
B,-pion center-of-mass frame. The azimuthal angle ¢ describes the angle between the dilepton and the
B,m decay planes. The allowed regions for the angles 6,, 0., ¢ are —1 <cosf, < +1, —1 < cosf, <1
and 0 < ¢ < 27. Again the angular coefficients entering in Eq. (3.20) are given in terms of Wilson
coefficients and form factors in App. E.3. For the SM contributions to the ¢? differential branching
ratio, it is sufficient to multiply Eq. (3.19) with the lifetime of the B, and the branching ratio for the
secondary weak decay

dB(By — By (— Bym)l+0™) dI'(By — Byttt

)

which is discussed in detail in App. F.3 and the relevant branching ratios and decay parameters are
collected in Tab. 3.4.
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3 Phenomenology of rare charm decays in the Standard Model
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Figure 3.3: Resonant and non-resonant SM contributions to the differential branching ratio
of A, — putp~ in orange and blue, respectively. Uncertainties of the resonant SM are
predominantly due to unknown strong phases in Eq. (3.11). The perturbative SM, where
uncertainties arise from p, scale variation, is negligible in the full kinematic region. Form
factor uncertainties are included.

3.4.3 Phenomenology

The ¢* spectrum for the three-body decay A, — pu*p~ is shown in Fig. 3.3.

For this mode dedicated lattice results for the form factors are available, whereas for all other modes
the branching ratio can only be naively estimated. The LHCDb collaboration has obtained an upper
limit at the 90 % C.L. [77]

B(A, = pup”) <7.7x1078, (3.22)

where 40 MeV cuts around the resonance masses of the w, ¢ are applied and the signal is extrapolated
to the full ¢? region 4m? < ¢* < (my, — mp)2 via a phase space model. Due to the lack of further
information, the obtained upper limit cannot be compared accurately to the resonance model in
Fig. 3.3.

Nevertheless, we estimate the expected branching ratios for all three- and four-body modes applying
exactly the 40 MeV cuts used in [77]. Note that the four-body estimates follow from the respective
three-body modes by multiplication with branching ratios of the secondary weak decay from Tab. 3.4

2 _ g2 2 _ 2
and we use ¢, = 4mj and ¢y, = (mp, —mp )"
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3.5 CP-asymmetries in semileptonic and hadronic charm decays

BA = putp) = (1 9*1‘?) x107%,

B(EF - YTutp~) ~34x1078 B(EF - YT (= prpTp~) ~1.8 x 1078,
B(EQ — X0 ™) ~7.6 x 1072, (3.23)
B(Z? — Ao;ﬁp ) ~3.8x 10~ 9 B(EQ - A= pr)utp ) ~24x 1079,

B(2° — )~25><108 B(020 — Z0(— A7)t =) ~ 2.5 x 1078,

3.5 CP—-asymmetries in semileptonic and hadronic charm decays

In this section, we briefly present SM expectations for CP—violation in charm decays. We first discuss
generalities and SM predictions for CP—violation in semileptonic decays in Sec. 3.5.1, and further
discuss CP—asymmetries in hadronic decays in Sec. 3.5.2.

3.5.1 CP—asymmetry generalities

CP—violation is a key requirement for the successful generation of the observed baryon asymmetry in
the early universe. However, the amount of CP—violation in the SM is not sufficient to explain the
observed matter-antimatter asymmetry, which is why new sources of CP—violation are expected to
show up in particle physics experiments.

Following Ref. [195] we classify CP—violating phenomena in flavor transitions as follows

o CP-violation in decay (direct CP—violation): Given the decay of a particle M into a final
state f proceeds via two different amplitudes with both CP-even (strong, §,) and CP-odd (weak,
¢;) phases, the direct CP—asymmetry is induced via the interference of the two amplitudes and
observable only in the case of non-vanishing strong and weak phase differences.

« CP-violation in mixing (indirect CP—violation): For neutral mesons M, MD, a difference
between flavor and mass eigenstates exists. This is described by the following Hamiltonian

Ho=M— ig, (3.24)

with two by two matrices M and I, which due to CPT invariance can be written as

M, M I, I
M= 11 12) R ( 11 12) . 3.95
(Mlz My, Iy 17y (3.25)

The diagonalization of A results in the mass eigenstates of M. The resulting M° — Vg mixing
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3 Phenomenology of rare charm decays in the Standard Model

is described by the three physical quantities

| M,
Ia )

1| M
Tyg =2 Iy =2 }2 @1y = arg le ) (3.26)
where ¢, describes the interference between mixing via M and " and quantifies CP—violation in

mixing.

e« CP-violation in interference between decays with and without mixing: Here, CP-
violation is observed due to the interference of M — fand M — M — f.

We are interested in CP—violation phenomena of the first class, ¢.e. direct CP—violation. In the
SM many of the observed CP—violating processes involve the interference of a tree-level amplitude
with a penguin-type loop diagram. However, in charm decays we have already observed that the GIM
cancellation suppresses penguin contributions, and contributions proportional to the CP—violating phase
in the CKM matrix are suppressed by five powers of Wolfenstein A, see Eq. (2.11). Hence, CP—violation
in rare semileptonic charm decays is completely negligible in the SM as the dominant contributions
are due to CP—conserving SU(3)s x U(1)qrp induced resonances. In Sec. 5.2 we investigate the
NP potential of CP—asymmetries in charm decays. As it turns out, there is strong benefit in the
resonance contributions, as they induce a strong phase and are able to interfere with CP—violating NP
contributions. Hence, BSM CP-violation is expected to be enhanced around the resonance masses,
where the strong phase is large. These resonance catalyzed CP—asymmetries were first proposed in
Ref. [92] and are the ideal place to search for new sources of CP—violation in up-type FCNCs.

3.5.2 Hadronic decays and AAqp

The first observation of CP—violation in charm decays was presented by the LHCb collaboration in
2019 in the measurement of AAqp [85]

AAep = Acp(DY — KTK™) — Agp(D° — mtr) = (—16.4 + 2.8) x 1074, (3.27)

where we quote the world average [176] and

r(p®— f) —F(EO = f) with f = K*K—, mtn . (3.28)

oo — f)+1r@D - f)

Acp(D° — f) =

For a recent review on CP-violation in hadronic charm decays and D° D mixing see Ref. [196]. Naively,
the CKM hierarchy predicts Im(V3V,,/ (Vi V,,)) ~ 7-107%, however another order of suppression
is expected to arise from the penguin over tree ratio of the dominant and sub-dominant amplitudes.
Since no reliable SM prediction for this ratio is available, the NP nature of this measurement one order
above the naive expectation is discussed in recent literature, see Refs. [197-208].

For our phenomenological purposes, we write the D° (ﬁo) decay amplitudes A ; (ff) to CP—eigenstates

34



3.5 CP-asymmetries in semileptonic and hadronic charm decays

fas
Ap = ./l?e*’i(j’? [1+ rfei<5f+¢f)] , ff = 7cp A?e_i‘ﬁ [1+ rfei(‘sf*‘j’f)] , (3.29)

where ncp = +1 is the CP-eigenvalue of f. In the SM the dominant amplitude is denoted by A? eiw?,
and r, parametrizes the relative magnitude of all sub-leading amplitudes to the dominant amplitude,
i.e. the penguin over tree ratio. In the limit of r, < 1, we find for the CP-asymmetry in Eq. (3.28)

Acp(f) =—2r;sind;sing, + O(r7) , (3.30)
To study NP contributions we expand SM amplitudes and BSM effects as
Ap= > A Ay + AT, (3.31)
q=d,s,b

where the first term contains the SM with CKM-factors A\, = V[V, , made explicit, and the second

term accounts for NP. Using CKM unitarity A\; + A\, + A, = 0 one finds
_ s(d) d(s) b d(s) NP
Aseim) = Asta) (Axim = Ar(m) gy T2 (Akm = Ak m) gy T AR (m) - (3.32)

where the final states K™K~ and 7"7~ are denoted by the subscripts f = K and f = 7, respectively.
The first term is the dominant tree-level contribution and the second one corresponds to “penguin”
contributions with small Wilson coefficients which are strongly CKM-suppressed by A,/A, ;. The last
term Al}g’w) encodes NP contributions. Using Egs. (3.29), (3.30) and (3.32), we obtain

2

T ArNP (3.33)

Predictions for AA%\}QI are given in Refs. [205-209] and span a considerable range. Therefore, the
implications of large contributions to AAqp from NP effects can be tested, which is studied in the
framework of anomaly-free, flavorful Z’-models in Sec. 5.2.3.
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In this section, we give a brief overview of possible BSM scenarios. We follow a bottom-up approach
and study effects mediated by new heavy particles at tree level unless stated otherwise. In Sec. 4.1
we first discuss the available model-independent parameter space, i.e. we discuss bounds on BSM
contributions to Wilson coefficients and further constraints. In Sec. 4.2 we summarize features of
LQ-models and in Sec. 4.3 we introduce simple Z’—extensions of the SM. Since we are only interested
in general features of the respective models that show up in low-energy observables we refrain from
conducting a detailed study of UV—complete models.

4.1 Model-independent analysis

To start completely model-independently, we study possible BSM contributions to the Wilson coefficients
in Eq. (2.24). We have seen in previous sections that perturbative SM contributions do not exceed
~ 0.01 and only enter in C; and Cy, while the SM phenomenology is dominated by long-range effects
from intermediate resonances. Here, the dominant contributions from the vector resonances p, w, ¢ are
compactly implemented as a resonance shaped contribution to Cy, see Eq. (3.11). BSM contributions
are constrained by several different approaches, the most straightforward being the experimental limits
on semileptonic rare decays themselves. In the SM, contributions to these decays are LFU, such that
contributions to dimuon and dielectron final states are equal. Since this is not necessarily the case
in BSM scenarios, we have to distinguish available bounds on muon and electron Wilson coefficients,
which is why we make the lepton index explicit in all Wilson coefficients except for C, because the
photon to lepton coupling is LFU.

An equation bounding (pseudo-)scalar and axial vector muon Wilson coefficients is derived from the
upper limit B(D° — pFp~) < 6.2 x 1072 at 90 % C.L. [73] and Eq. (3.4) and reads

Cd) — P+ (o) — e +o.a(Cly) — Of))I? < 0.007. (4.1)

Further, we obtain from integrating the differential decay distribution given in Eq. (E.4) in App. E.1,
while neglecting SM contributions, and using B(D" — 7t utu~) < 6.7 x 1078 at 90 % C.L. for the full
q? region [76]

2 2 2 2 2 2
1310712 +13 [0 + 13 O | + 26 [CL| + 2.7 |C¥| +04|ci| + 0.4 |C)| )
+0.3Re [CfV O | + 11 Re [C1f) O] +2.6Re [ €Y | +0.6Re [ 0| <1 '

As Eq. (4.2) is obtained from DT — zntu*p~ all Wilson coefficients except the tensor ones are

understood as CE“ )+ Cf“ . The possibility of cancellations remains, as for instance Cy + Cf is
constrained, but Cy is unconstrained as long as Cy = —Cg. A special case arises for the axial vector
contributions. Here, both the sum and the difference of LH and RH quark currents are constrained

36



4.1 Model-independent analysis

from Egs. (4.1) and (4.2), so that we find without the possibility for large cancellations

IC") < 0.85,

/ (4.3)
IC1| < 0.85.

Furthermore, B(A, — putp~) < 7.7 x 1078 at 90 % C.L. [77] implies ]Cém] < 0.93 and is therefore
close to the limit \Cé“ )\ < 0.88 obtained from Eq. (4.2). Since the branching ratios in baryon decays
depends on both combinations ]Cé” ) + Cé“ )/|2, individual and independent constraints on Cé“ ) and
Cé“ /" similar to Eq. (4.3) cannot be given yet.

A global fit of muon Wilson coefficients including the recent measurements of the angular distribution
of D — 7ra~ptu~ and D° — KT K~ p*pu~ [72] and possibly fitting Wilson coefficients and resonance
parameters simultaneously is beyond the scope of this work. However, with this first measurement and
upcoming updates for LHCb searches for D° — pu*u~, D — Putp~ and A, — pup~ experimental
searches start to be constraining and interesting physics in rare charm decays can be probed in the
near future.

For dielectron modes the situation is different and bounds on Wilson coefficients are weaker. We
find with B(D* — mtete™) < 1.1 x 1076 at 90 % C.L. for the full ¢ region [210]

0.8 |2 + 0.8 | + 0.8 |cle| Rl
-8 107 6 |Gy 6 |C10 1P

+17]cy

(4.4)

+0.2|Cy " 102 [ete

2 *
4+ 1.6Re [07 cle } <10,

where again CZ@ — C£e> + Cie) except for the tensor contributions and we skip negligible interference
terms. From B(D" — ete™) < 7.9 x 1078 [211] we find

7 2 / / 2
cy — | +|er) — o +0.0004 (Cff) — 1))

<0.08. (4.5)

Especially the stronger helicity suppression objects a useful bound on axial vector couplings.

Dipole operators are constrained from B(D° — pvy) = (1.7740.340.07) x 1077 [212]. Neglecting SM

contributions one obtains |C’§/)| < 0.5 [89]. However, SM corrections from hard spectator interactions
and weak annihilation contributions are sizable and lead to the following bound on BSM dipole
couplings [89]

|IC;| < 0.3,

4.6
2 <03, (46)

which is slightly stronger than the bound extracted from Eq. (4.2).
Beyond the SM also LEV couplings exist. ¢ — ul=¢’" (£ # £") decays are induced by the following
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effective Hamiltonian,

(2

4 ) (e8) (et
gy = Cee S (1101 11 0/). @
T =

where the K denote LFV Wilson coefficients and the operators O read as

O = (upy,er)(yme') 0y ) = (gy,cp) (v 0,

O = e st O = @ryuer) @y st’) |

05" = (upep) (@), =<aRc )@y, (4.8)
O = (ucp)(lyst") = (e, ) (Orsl),

Of) = L (10,,0)(To™ "), o’T<§f’>:%(ua o) (Torvst').

Note that there is no O<7/> contribution since the photon does not couple to different lepton flavors.
The differential distribution for LFV decays D — P#¢’ is given in App. E.1 and for the purely leptonic
decays we find

2 2\ ?
BDO s e ) = g CELMDID (1 - m;‘) : {

32
64mmz mp

m 2
HoC /
m% (KQ - K9>
(4.9)

m,m,

+|Kp— Kp+

2
(K~ Kio)| -
with sz = KEMW) for D° — ety and sz = Kf/)(e“) for D° — e ™. Using B(D° — e*p™) <
1.3 x 1078 at 90 % C.L. [74], we obtain

D

|Kg— K4+ 0.04(Kg — K§)|* + | Kp— Kp+0.04 (Ko — Ki)|* < 0.01. (4.10)

And from B(D" — ntet ™) < 2.1 x 1077 and B(D* — wtpute) < 2.2x 1077 at 90% C.L. [76] we
obtain

0.4 | K2 + 0.4 K o2 + 0.9 Kg|2 + 0.9 Kp|2 +0.1 K2 + 0.1 |Kps|"+

411
0.2Re[K oK+ KoK3] +0.1Re[Kg K+ K Kps] < 1, (4.11)

where for all coefficients except for the tensor ones K; = K" + K, for D* — afety™ and
K; = K!'" + K* for D* — ntpute.

Another possibility to constrain ¢ — wf*¢~" couplings comes from high—p; dilepton tails in Drell-
Yan searches [213, 214]. In these analyses dilepton spectra in pp — ¢7¢~" are utilized and, hence,
upper limits on four-fermion couplings can be obtained for any quark flavor combination, 7.e. FCNCs
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4.1 Model-independent analysis

Table 4.1: Upper limits on BSM Wilson coefficients for rare charm decays from low energy
observables (collected from main text) and high—p; dilepton searches [213, 214]. The lepton

flavor violation (LFV) bound is quoted as flavor-summed, {/|C%|2 + |C¢*|2. Entries marked

as n.a.’ are not available, because no limit on DY — e*7T exists, although kinematically

accessible. Low energy limits are obtained for a single coefficient at a time and barring

cancellations.
ee  pp  TT ey eT WT
o) high-p, 29 16 56 16 47 5.1
9,10 Jow energy 3.5 09 - 22 nal -
o high-p, 72 38 14 12 35 3.8
S, P lowenergy 0.3 0.1 - 0.1 na.t -
c high-p, 1.2 063 25 64 19 204
.75 low energy 7 1.6 - 32 naf -
b—sttl™" c—ultl, ..., as well as diagonal quark couplings gg¢™ ¢~ for any quark except the top.

The extracted limits scale with the quark parton distribution functions (PDFs) of the proton. The
main advantage of the high—p; limits is that they are extracted at high energies, where lepton mass
effects are negligible and the partonic cross section factorizes into a sum of absolute values squared of
Wilson coefficients with different Lorentz structures and chirality combinations in quark and lepton
current. This implies that no cancellations can occur.

We collect upper limits on rare charm Wilson coefficients for each lepton flavor combination from
low energy measurements and Drell-Yan searches in Tab. 4.1. Here, we assume no large cancellations
are possible for the low energy limits. For high—p; limits on scalar and tensor Wilson coefficients,
running effects down to 2 GeV are taken into account in order to be comparable to the low energy
limits. Interestingly, bounds from high-p; searches are compatible with low energy bounds for rare
charm decays for (axial) vector operators and lepton flavors ee, up and ey and can even provide limits
involving 7’s. For (pseudo-)scalar operators low energy bounds are better due to their contributions in
purely leptonic D° meson decays. For (pseudo-)tensor operators low energy limits are better only for
eu and worse in the other cases.

Recently, another possibility to study NP charm couplings in low-energy (polarized) scattering
processes e p — e (u~)A, was proposed in Refs. [215, 216]. However, no appropriate experimental
setup to study these processes exists today, so that we refuse to further discuss possible future bounds
in this work.
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4 Models extending the Standard Model

4.2 Leptoquarks

LQs are hypothetical particles that directly couple leptons to quarks. LQ-models can therefore be
classified according to their SM group representations and their spin. Especially, one distinguishes
SU(2),-singlets, —doublets and —triplets [217], whereas all LQs are color-triplets or color-anti-triplets,
see [218] for an extensive modern classification. Vector LQs have spin 1 and need to be part of an
extended gauge sector, which then necessarily calls for a UV—completion. These vector LQs naturally
appear in SU(4) models, where leptons can be seen as the fourth color, originally proposed in the
1970s by Pati and Salam [219-221]. Often these scenarios require the LQ to be very heavy. Scalar LQs
with spin 0, on the other hand, can be rather light and are therefore appealing from a model building
perspective. Since LQ-models have become very popular as a solution to the current B—anomalies [139,
140, 222-229], it is interesting to study possible effects in rare charm decays as well. A detailed
classification of LQ—effects is given in Ref. [140] and their phenomenology in rare charm decays is
investigated in Ref. [90].

In agreement with [90, 140], the straightforward strategy to include LQs and bypass constraints
from the kaon sector at the same time is to consider only the scalar LQs Sy, with right(left)-handed

couplings to leptons and the vector ones 17172.

The interaction Lagrangian contributing to ¢ — uf™¢'" processes is given by [217]

where L; denotes the lepton doublet, I, uy are lepton and up-type quark singlets and the superscript
c indicates a charge conjugation; 7, j are the generation indices. Hypercharge assignments of the LQs
can be read off from Eq. (4.12).

Signatures of S, have been studied for charm decays in [93, 230] and of V; in [93]. The LQs 525/ 5,
‘721/ 3, and 5’11/ 3, 1715/ 3 (superscripts indicate the electric charge) are the only ones inducing interactions
of up-type quarks and charged leptons. Using Fierz identities the Wilson coefficients of the O;W ) and

O/1<OM ) operators can be written as, e.g. [90],

[y el yulx wl! \ clx ul’ yclx cl/ yulx
K/ (ee”) _ \/577 ) )\Sgl )\Sf B )\Sﬁ )\Si - )\‘71 )\‘71 )\‘72 )\‘72
9 Gpa, | 4M?Z 4M3 2M2 oM2 |’
L 1 2 Vi Vy | (4 13)
M\ el N '\ clx ul’ y clx cl’ yulx T ’
) _ Vor NG A8 N8 S, _ AV AT, _ A%

4M?2 4M?2 2M?2 2M?Z2 ’
L Sy Sy Vi V, |

with My, X =5 o, 17172 the LQ-mass. One finds K} = K7, in the singlet scenarios (S;, V;), while for
the doublets (S,, V,) K§ = —K/,. Note that only RH quark currents are induced in these scenarios,
therefore no effects are present in the down-type sector. The corresponding lepton flavor conserving
contributions to Cs;%)o read exactly like Eq. (4.13) with ¢/ = /.
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4.3 Flavorful Z’'-models

Using Egs. (4.2), (4.4), (4.11) and neglecting the SM contribution, the following constraints from
the upper limits on B(Dt — ntutu™) [76], B(Dt — ntete™) [210] and B(D' — ntetu™) [76] are
obtained,

2 2
M~
|)\(‘/.L )\up* | <0.05 MSl 2 ‘)\cp, )\u,u*‘ <0.02 Vi
1 TeV ’ Vi ,2 Vi ,2 1 TeV ’
M 2 M 2
* S12 * Vi
pemlzon ({5 eson ({5 e

2 2
M Mz
ce(cp) yup(ue) < 512 ce(cu) uu ue) < Via
A5, ASL ] = 0.09 (1 Tev> - e, M =004 (1 TevV | '

slightly improved with respect to results in Ref. [1] due to the recent updates in B(DT — nTe*pu™)
and B(D" — 7" pt ) in Ref. [76], which now give the most stringent bounds.

4.3 Flavorful Z —models

In Z’-models the SM gauge symmetry is augmented with an U(1)" gauge factor. We refer to the
associated charges as F), for each field ¢ and allow for generation dependent charge assignments. These
flavor non-universal charges induce FCNCs at the tree level, however dependent on specific assumptions
on the flavor to mass basis rotation for LH and RH up- and down-type quarks. Similarly, LFV
couplings are induced depending on the misalignment of flavor and mass basis between charged leptons
and neutrinos. Z’—scenarios are also studied extensively as a solution to the B-anomalies [231-243].
Extending the gauge sector entails several challenges for model building. Although a U(1)” extension is
very likely, as it is contained at least as a subgroup in most UV—complete models, one has to take into
account anomaly cancellation conditions, Ref. [244] and App. D.1, and depending on the UV—setting
of the model, a large gauge coupling and possibly additional heavy BSM particles lead to a Landau
pole at energies below the Planck scale, hence exposing the model as inconsistent. Since the Z’ is
a massive gauge particle, the U(1)" gauge group is spontaneously broken at a high NP scale and
necessarily yields an extended scalar sector at high energies, which leads to further constraints on the
vacuum stability of the Higgs. Again, we follow a bottom-up approach and detailed investigations of
the UV—completion are beyond the scope of this work. We include anomaly cancellation conditions

. -0 . .
and low energy constraints, such as D° — D~ mixing generated at tree level.
Following this procedure we obtain several candidate models, which are listed in App. D. For this

class of models the effective Z’—interaction Hamiltonian part for ¢ — uf™¢’" processes can be written
as

H oy D (gL uryucr + 9% uRfyucR—i-gL €L7M€/ +g €R7M€/ )Z”‘—i—h.c.. (4.15)
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4 Models extending the Standard Model

The following Wilson coefficients are induced at tree level

oo T giflgR gL G 1 X5,
910~ T BG4 2 J 910 = T BG4 2 ’
F e Z/ F e Zl
: , ; , (4.16)
ey m 9E(gR £91) o _ 7 9 l9r £9r)
9/10 V2Ga, M2, ’ 9/10 V2Gra, M2,

Again, Egs. (4.1), (4.2), (4.4), (4.5), (4.10) and (4.11), yield the following constraints when SM
contributions are neglected and where M,, denotes the mass of the Z’

Mz/ 2 2 N 2 Mz/ 2
(g1 — g ) (9" — 9] < 0.03 (1 TeV) o lgve + g\ 1gE T + g < 0.02 (1 Tev> :
M, )2 M, )
1TeV) 1TeV) '

(g — g8 ) (95 — 95| < 27 ( gt + g/ 95| + |ags|” < 0.10 (

2
2

95 + gt |” < 0.07 ( Mz )2 g4 + gt |94 + |9 |” < 0.04 ( Mz )
L Rl ~™ 1TeV) L R L Rl ~= 1 TeV

(4.17)

As discussed in App. D stronger bounds arise from tree-level Z’—contributions to D° — D’ mixing.
Here, both LH and RH quark couplings contribute and we obtain the following bound, dropping the
superscript 'uc’ for brevity,

MZ’>2 , (4.18)

|92 + g% — X gr, gr| ~ (414 £0.31) x 1077 (1 ToV

with X ~ 20 for 1 TeV < M, < 10TeV. The main sources of uncertainty are the experimental limit
on the DY — D" mixing parameter, the QCD running effects depending on the Z’—mass and hadronic
matrix elements, however uncertainties are reduced with respect to a similar bound in Ref. [1]. In
the case of only one non-vanishing coupling, i.e. g, # 0 and g = 0 or g5 # 0 and g; = 0, we
obtain |gr g < 7 ¥ 1074 (M, /TeV). This constraint is severe, as it renders Eq. (4.17) irrelevant
and the lepton couplings are instead bounded by perturbativity. Using order one lepton couplings
yields Cyq0 < O(1072) and Kgp0 < O(1072) for M, = 1TeV, consistent with [93]. As presented in
App. D.2, larger couplings are allowed in scenarios with both couplings present g; # 0 and gp # 0,
then bounded only by Eq. (4.17). To cancel the constraint from DY — D’ mixing, we need

1

g, ~ Xgr or gp= )—(gR. (4.19)

In the following we present flavorful Z’—models, which satisfy the condition (4.19) without introducing

unnatural hierarchies. As discussed in detail in App. D.1, ¢ — w transitions are induced in these models
from non-universal charges F;, and flavor mixing. In order to have g; # 0 and g # 0 we require non
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4.3 Flavorful Z’'-models

zero differences between charm and up-quark charges for the doublets and the singlets, respectively,
i.e. AFp g # 0 and

For the flavor mixing, four rotations between flavor and mass basis exist, which we refer to as U,,,
U, V, and V; for RH up quarks, RH down quarks and up- and down-type components of the LH
quark doublet, respectively. All of these constitute unitary matrices, where the only constraint is
Vi Vi = Voxm- Since effects in the down sector are strongly constrained by rare kaon decays, e.g. [245],
we consider CKM effects and unknown misalignment for the quark singlets to predominantly stem
from up-type rotations, i.e. U; =1,V; =1, hence V,, = VgKM and U, unconstrained.

We further assume the third generation to be sufficiently decoupled, such that we can work with two
by two orthogonal matrices. These are parametrized by a single angle each, 8, and &,,, for U, and V,,
respectively.

Then,

91, = g4 AFp cos @, sin®,, gp =g, AFgcosf,sinb, , (4.21)

with the U(1)" gauge coupling strength g, and, due to V,, = VCTKM, we obtain

gr _ AFpcosb,sind,

4.22
with Wolfenstein A. The condition (4.19) can be satisfied for g /g, = X
in 20, ~ 4.2
AR, sin 260, ~ 8, (4.23)
and for gp/g;, = 1/X
AF
AFf sinf, ~ 1/100, (4.24)

and we refer to Eq. (4.23) as RH dominated and to Eq. (4.24) as LH dominated. The RH dominated
case requires a hierarchy between AF; and AFp, whereas the LH dominated scenario can be satisfied
with mixing alone 6, = @(1072). In both cases the hierarchy is inherited by the Wilson coefficients

ol )

0 0 X (LH) or ~1/X (RH). (4.25)
o0 ) @)

9/10 **9/10

Tab. 4.2 contains benchmark models, which are LH dominated or RH dominated (indicated with a
prime) along with the associated mixing angle ,,. The values of AF and AF} are possible choices
for anomaly-free Z’—models presented in Tab. D.1 of App. D.1.

AFy/AF; ranges within ~ [0.9, 35] for the presented models and for AFy/AF; > 8 both RH- and
LH-dominated scenarios are possible, depending on the value of 6,,.

These concrete Z’~models are now constrained from the D" — 7™y~ branching ratio limit, see
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4 Models extending the Standard Model

Table 4.2: Benchmark scenarios of anomaly-free Z’~models and the corresponding mixing
angle 0, for different possible charge assignments according to Tab. D.1. Solutions with a
prime are RH dominated, all others are LH-dominated.

sol. # || AFyR AF} gr/gr case 0,
1 3 2 /X 0.008
2 12 9 1/X 0.009
3 35 1 X 0.122
3 35 1 1/X 0.0003
4 3 3 1/X 0.011
5 3 3 1/X 0.011
6 15 16 1/X 0.012
7 0 0 - -
8 18 1 X 0.244
8 18 1 1/X 0.0006

Eq. (4.17), using g‘ZZ = 9,17, 9% = g4k

€

AFpsin 20, My \*

TOVAF)?1 2 (F2,+F2)<6x107* (i) 4.26

9a ( L){ +< AF,2) - . 1Tev) (4.26)

where depending on the scenario AZRFSH;iB = X, —+, such that the maximal g,/M,, is fixed in each
model as

1 2% 1+X H
@S 0.12 (MZ ) X ( +X07 fR ) . (4.27)
AF, JF2 4+ F2 \1TeV 1+1/X)~" (LH)

We illustrate these bounds in Fig. 4.1, in the plane of the BSM coupling g, and the Z’—mass. Each
line corresponds to an upper limit of a scenario from Tab. 4.2 with one specific choice for the charges
Fp (Fp,)and F, (F, ) for electrons (muons).

Note that due to larger values for the charges, constraints on the gauge coupling for RH cases are
stronger than for corresponding LH ones in Eq. (4.27). We indicate a black exclusion region, which is
due to resonance searches in dilepton spectra of M, = 5TeV [184]. The lower mass bound is model
dependent because of the different quark and lepton charge assignments and also differs for dielectron
and dimuon searches. For that reason the lower mass region in Fig. 4.1 is covered by a fading black
band, as the region g, < 0.5 and M,, < 5TeV might still be viable, however might be constrained
from other searches [246].

LFV couplings can be induced in Z’-models in close analogy to the quark FCNC couplings. LH
couplings to charged leptons with LFV are absent if the PMNS matrix is due to rotations in the
neutrino sector only. Stringent constraints on a misalignment between flavor and mass bases in the
lepton sector arise from (i) 7 — (u, e)ll with £ = e, i, as well as (i) u — eee and u — e, as they are
induced at tree level. In contrast these decays are only induced at the loop level in LQ—scenarios via
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4.3 Flavorful Z’'-models

sol. #5
sol. #4
sol. #3
sol. #1
sol. #8
sol. #2
sol. #6
sol. #3/
sol. #8&

=t

Figure 4.1: Upper limits and allowed parameter region for the U(1)" gauge coupling g, as
a function of the Z’-mass, see Eq. (4.27), for the models in Tab. 4.2. The black region is
excluded by direct searches in dimuon and dielectron spectra [184]. For small gauge coupling
values g,, bounds become model-dependent, which is indicated by the fading black band, see
main text.

LQ-quark-loops [184].

Due to the assumption V,, = VgKM FCNCs with LH down-type quarks are avoided. Those exactly
address the present discrepancies in semileptonic rare B—decays. Down-type FCNCs can still be
generated for RH singlets. Further simultaneous contributions to |Ac| = |Au| = 1 and |Ab| = |As| =1
can be generated if the CKM rotation stems from both up- and down-type quark sectors, for instance
V., from up-sector rotations and V,, from down-sector rotations. A phenomenological analysis of these
scenarios would be desirable, but is beyond the scope of this work.

In contradiction to Ref. [205], CP—violating effects are vanishing in these types of Z’—models, as

e gy is induced by the CKM rotation with a negligibly small CP—violating phase in the sub-matrix
of the first two generations.

e D°-D° mixing constraints can be evaded with ¢g; # 0 and g # 0, however then the CP—phases
need to be aligned to be able to cancel in Eq. (4.18). Then the first point restricts CP—violating
effects to be small for both LH and RH quark coupling.

Maximal CP-violation can be achieved in scenarios of g; = 0 and g maximal with CP-violating

phase around ¢ = Z (or ¢ = 2I), because it enters twice in the mixing amplitude and drops out,

whereas it only enters once in amplitudes of direct CP—violation. In this scenario kaon constraints are
naturally avoided. We study implications in detail in Sec. 5.2.3.
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In this section, we discuss in detail how the SM can be probed and NP can be identified with rare
charm decays. Significant uncertainties due to resonance contributions block the access to BSM physics
in simple observables. We demonstrate how the resonance dominance can be made irrelevant or even
used as a catalyst in so-called null-test observables. Here, observables are designed to have a vanishing
SM expectation, such that any observation implies NP to be present. Further, we quantitatively
demonstrate opportunities to disentangle contributions to different BSM Wilson coefficients and
comment on future global fits. The structure of this section is as follows. We start with opportunities
in angular observables in Sec. 5.1, where angular observables with SM background and null tests are
discussed for D — P{*¢~ as well as rare charm baryon decays. CP-asymmetries are discussed in
Sec. 5.2. Here, resonance enhancement can be used in semileptonic modes, CP—violation in angular
observables can provide further insight into the nature of BSM couplings and we investigate correlations
between CP—violating effects in semileptonic and hadronic decays within flavorful Z’—models. Sec. 5.3
discusses possibilities to test LFU in ratios of branching ratios in close analogy to similar ratios known
from the B—anomalies. Finally, we discuss opportunities and distributions for LFV decay modes in
Sec. 5.4. Sec. 5.5 summarizes the NP reach of null-test observables in rare charm decays.

5.1 Angular observables

The first opportunity to test the SM, despite the significant resonance induced uncertainties on the
branching ratio, is to fully exploit the angular distribution of the respective decay modes. In this
section we perform a sensitivity study of angular observables for D — P¢*¢~ and rare charm baryon
decays.

5.1.1 D — Pt ¢~

From the double differential decay distribution for D — P{¢T¢~ given in Eq. (3.12)7 we identify
three ¢? dependent functions a(g?),b(¢?) and c(q?). The first combination is the ¢? differential decay
distribution 2 - (a(¢?) + ¢(¢?)/3) and is glven in App. E.1. The two remaining combinations are the
lepton forward-backward asymmetry A ~ b(g*) and the flat term Fy ~ a(q?) + ¢(¢?). Their full
dependence on BSM Wilson coefficients reads

7 b(q®)
AZ 2 —
ra {/ /]dquCOSGdCOSQ

G202 12

1 GpaZv 9 2m,  fr .| my
~ I'51275m )‘DP(mD mp>f0{ [<09+C7D+mpf+ Cy m*cf+ (5.1)
2
m q
2Re [C Chin] ——-— frn+ Re [CC C’C*},
+ 2Re [CY T5] mD+mPfT e[CsCr+ Cp T5] mc(mD+mp)fT
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5.1 Angular observables
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where all Wilson coefficients C;, with the exception of the tensor ones, are understood as C; — C; +C/ ,
which is a general feature of the D — P transition. We have also introduced the integrated rate as the
normalization, which we define to be dependent on the ¢ bin

Tmax " QPax (q?
I'= F(Q?nin? q?nax) = /2 d7q2 dq2 =2 /2 (a(q2> + <3)> dq2 . (53>
q

min min

Fig. 5.1 shows the flat term in the full ¢ region for D™ — 7 uu~ (left) and Df — K putpu~ (right)
for the resonant SM!.

Clearly, Fy; is similarly shaped as the differential branching ratio in Fig. 3.2, due to the resonance
dominance. Both distributions are stable in the high ¢? region, where NP effects can be sizable.

This is illustrated in the lower row plots of Fig. 5.2, where NP benchmark scenarios are shown. We
use the notation C; ;) for C; or C;, whenever the contributions are indistinguishable. Again, the left
plot shows Fy for DT — 7" p™p~ and the right plot is for DI — K*pu*u~. Note that here also the
normalization is restricted to the high ¢? region, i.e. ¢2,, = (1.25GeV)2. The upper row of Fig. 5.2
shows several NP benchmark scenarios for the forward-backward asymmetry A%B, where again the left
(right) plot is for DZ;) — (K )utu.

We learn

o Due to larger uncertainties in the high ¢* region for the resonance contributions in DF — K pu*pu~
with respect to DT — 77 u* ™, see Fig. 3.2 and also Fig. 5.1, the same NP benchmarks can yield
larger contributions in the angular observables, illustrated by using the same y-scale in left and
right plots in Fig. 5.2. Note, however the larger overall signal is expected for D™ — 7u* ™, as

In Ref. [1] also the non-resonant contribution is shown. However, these contributions cannot be observed in experiments,
due to the resonance dominance in numerator and denominator, which is why we do not show them here.
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Figure 5.1: The SM contributions to Fi(q?), see Eq. (5.2), using CJ* and CE as in
Eq. (3.11) for DT — watutu~ (plot to the left) and DY — Ktu*u~ (plot to the right)
decays. Uncertainties predominantly stem from unknown strong phases varied in the plot.
In accordance to Fig. 3.2 the solid (dashed) line shows the evaluation at central values of
input and fixed strong phases d, = 0, 65 =7 (0, = J5 = 0).

discussed in Tab. 3.2.

o Fy(D — Pete™) in the SM is tiny as effects from CJ? are m?2 suppressed.

o Fy is most sensitive to (pseudo-)tensor contributions, %I%B requires NP contributions to at least
two Wilson coefficients to have a significant signal, the largest effects are obtained for scenarios
with Cg and Cr-.

. fIfTB is a SM null test, as no C{CE interference terms exist. The axial vector coupling C;, can
be probed if pseudotensor contributions Cr5 exist as well.

o Large effects in both fifﬂB and F; indicate non-negligible tensor and scalar NP.

5.1.2 B, — B, (+(~

Similar to the discussion of the D — P{¢*¢~ angular distribution, the three-body decay of a charmed
baryon, here commonly denoted as By, — B;¢7¢~ allows to define two angular observables next to the
branching ratio. The reason to go beyond the simpler meson decay is two-fold. The first argument
is simply to add more opportunities to test the SM and thus provide a road to a larger significance.
The second point is complementarity. Due to the spin structure in the decay, several combinations of
Wilson coefficients enter the angular coefficients. Instead of only C; 4+ C7, also C; — C; terms exist in
the angular coefficients, such that it becomes possible to disentangle various NP contributions. For the
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Figure 5.2: The upper (lower) plots show the forward-backward asymmetry A%B (the flat
term Fy;) in the high ¢? region in different BSM scenarios for D* — n*u*u~ (plots to the
left) and D} — K*utp~ (plots to the right).

baryon decays we only consider NP contributions to vector and axial vector operators C’g), Cilo) as well

as dipole operators Cy). Large effects in (pseudo-)scalar and (pseudo-)tensor operators are probed in
the purely leptonic decay D — ¢+¢~() and angular observables in D — P¢*¢~") which is a result of

previous sections.

Again, we write the angular distribution as in Eq. (3.17), introducing the coefficients K., K.
and K,,. The complete dependence on Wilson coefficients, form factors and kinematic variables for
these coefficients is given in App. E.2. To obtain these contributions the helicity formalism is used,
see Refs. [190-193], which we introduce and discuss separately in App. F. We define the fraction of
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5 Null-test strategies and New Physics sensitivity in rare charm decays

longitudinal polarized dimuons as

_M

Fp = ,
o 2K133+K1cc

(5.4)
where the normalization is given by the ¢ differential decay rate dI"/d¢* =2 K, + K;... F} is not
a null test, as it contains similar contributions as the differential decay rate. Due to the differential
normalization in Eq. (5.4) uncertainties from resonance contributions cancel in the SM in F;. This
is because the Wilson coefficients in numerator and denominator cancel in scenarios where only one
Wilson coefficient dominates, which is exactly the case in the SM with C&. The distribution is then
only affected by form factor uncertainties and mostly dictated by helicity, see Refs. [247, 248]. Most
importantly at both kinematic endpoints F}; = %, which holds in the SM and beyond. The implications
for the SM are the following. As depicted in Fig. 5.3 where F} is shown for A, — pu*p~, F first
increases from the low ¢? endpoint to a maximum F; ~ 0.7 and then decreases to the high ¢ endpoint,
where again F} = % The solid line in Fig. 5.3 is obtained when only C{t is included. The band
illustrates interference effects of C’?H, whereas including Cgeff has no effect. Note that these perturbative
contributions are negligible for all other purposes and only enter here, because C& cancels in Fy.
The pale band illustrates a 10 % effect of splitting between a,, parameters for the longitudinal versus
transverse polarization. The band is fading out towards the high ¢ region because this splitting is
forbidden by symmetry at the endpoint.

The second angular observable is again the forward-backward asymmetry of the leptons, defined as

1 ! 0 da’r 3 K
AE — _ - d 9 = — —1C . 55
FB = 47 /d¢2 [ /0 / j d@dcost, “ P T 209K, + K, (5:5)

Similar to the meson case, the numerator of A%B only contains interference terms of two different
Wilson coefficients. The main important difference is that A%y includes the following interference
terms, see App. E.2

A%B o C,C4, C;C1, C7C1, O30, CyCly, CCly (5.6)

so that
o ALy constitutes a null test of the SM in rare charm decays.

o (), can be probed even in the absence of further BSM contributions as an interference term
with Cy and thus the resonance contributions exist. On the other hand, if there is only NP in
(1, it cannot be seen in A%B, as this would require further BSM couplings to be present, .e.
C;, C,C4.
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Figure 5.3: SM contribution for the fraction of longitudinally polarized dimuons F7}, see
Eq. (5.4), in A, — pu*p~. The solid orange line is for C contributions only. The orange
band illustrates effects of additionally including C& (¢?). The pale band is obtained by adding
a 10% splitting between the a,, parameters entering the longitudinal and the transverse
polarization, which is forbidden at ¢2,. = (m A, — mp)Q, see text. At both endpoints
F; = 1/3 holds model-independently. )

We also define

3 K
A€ = — d 0 lc '
e {/ / ] dqzdcose coste =75 fqmax QK. +K,,.)d¢? ; (5.7)

with the integrated decay rate as normalization in order to discuss the differences and advantages of
each of these normalization schemes. Fig. 5.4 shows A%y and A%B for A, — pu*p~ in the upper and
lower row plots, respectively. The left panel is for the full ¢ region and decreasing NP contribution
in O, thus illustrating the sensitivity, whereas the right plots are in the high ¢? region for several
different NP benchmark scenarios. Here, the red uncertainty band of the scenario with C';, = 0.3 is
bounded by black lines, as the red band is partly covered by other scenarios.

In A%B contributions are suppressed around the resonances, which is due to the peaking denominator,

whereas /IfQB with constant denominator shows that contributions to the numerator are actually
enhanced at the resonances. This is understood as C§ obtains maxima exactly at the resonance masses.
Due to the significant uncertainties in the strong phases, the sign of A%B and therefore C}, cannot be
predicted. The sensitivity to C;, is down to ~ 0.01 (few x 0.01) level, depending on the normalization.
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5 Null-test strategies and New Physics sensitivity in rare charm decays
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Figure 5.4: The top row shows the forward-backward asymmetry A%y normalized as in

Eq. (5.5) and the bottom row displays E%B as in Eq. (5.7) with normalization to the decay
rate for A, — putp~ decays. The left panel shows different values of Cy, in the full ¢°
region. In the right panel various NP benchmark scenarios are shown in the high ¢ region.

The right plots for the high ¢? region show that uncertainties are more well behaved when only parts
of the phase space are looked at. Also the dipole operators C; and C7 can only be tested along with
Cyq or C.

A better sensitivity independent of axial vector currents is achieved if NP contributions are tested
in F;, as illustrated in the upper plot of Fig. 5.5 for A, — pu™ ™. Here, scenarios with only Cy, C,
or (9, are indistinguishable from the SM curve in orange, which is also shown in Fig. 5.3. Small
perturbations around the SM prediction are induced by contributions to C§, which are then modulated

by resonance uncertainties. More significantly, contributions to dipole operators C§/) lead to a strongly
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Figure 5.5: Various BSM scenarios contributing to the fraction of longitudinally polarized
dimuons F; of A, — pu*p~ decays. Theoretical uncertainties from form factors and
resonance parameters are included. The orange band corresponds to the resonant SM
contribution. The upper plot shows effects of C§ and dipole operators C§/) and the bottom
plots test the sensitivity of the dipole operators C% (left) and C; (right).

altered shape of F}, thus also lifting the cancellation of resonance uncertainties present in the SM.
These uncertainties remain sizable in C7 scenarios and are huge in C; scenarios, however a measurement
of F; can clearly test the presence of sizable dipole operators down to ((0.01), which is apparent from
the lower plots in Fig. 5.5, where the right plot shows the SM curve in orange and different decreasing
values for C7 = 0.3, 0.05, 0.03 and 0.02 in green, blue, red and yellow, respectively. The bottom right
plot is similar, but for BSM physics in C';. The extraordinary sensitivity to dipole operators in F} can
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5 Null-test strategies and New Physics sensitivity in rare charm decays

be understood qualitatively by examining the different helicity contributions in the limit of vanishing
lepton masses g2 > m%. In this limit, we find

1422
Fp = Uli+22 4 [11422° (5.8)
where U722 and L''*22 contain quadratic terms of helicity amplitudes and denote unpolarized

transverse (U) and unpolarized longitudinal (L) terms. The full expressions are given in App. E.2.
Here, we only take a closer look at prefactors in U and L and note that Wilson coefficients drop out in
F; in the limit of only considering one Wilson coefficient at a time. For Cy, C,, C§, C}, contributions
in L scale with mic /q?, whereas contributions to U are multiplied by a factor two. In this case, the
leading ¢? dependence in F} is given as

Fp ~ . 2 T 942 ) (5.9)
24+ 8e i+l

which decreases from ¢(1) for small ¢? values to the high ¢? endpoint where F; = % On the other

hand dipole operators C’;Q receive an additional factor of 2m,/q? from the photon to lepton pair
coupling, resulting in a 1/¢? scaling in L and a 2m A2 /q* scaling in U, which leads to

& 1
By~ = (5.10)
2ty o tl

which increases from F; < 1 to endpoint F; = 1/3. For the endpoint at ¢> = 4m? the m? terms are
mandatory to find F;, = 1/3 as well, which along with interference effects and the ¢® dependence of
the resonance contributions lead to the shape displayed in Fig. 5.5.

5.1.3 B, — B,(— Bym){te~

In the case of the (quasi-)four-body rare charm baryon decays, the number of independent angular
coefficients increases from three to ten, see Eq. (3.20). Among those it is easy to identify further
null tests of the SM, due to proportionality to the axial vector couplings C;, and C7, while no terms
proportional to |Cy|? enter. Next to K, oc /I%B, we find

K3 = K3 = K3) = K o, G.1)

Note again that all of these clean null tests except K. vanish in the limit o = 0, 4.e. when no secondary
decay polarization is available. The NP sensitivity in K., K5, and K, is discussed in this section.

First, we discuss the possibility to measure the forward-backward asymmetry in the hadron system,
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5.1 Angular observables

defined as

1 1 0 1 27 d4F
AL = —— {/ —/}/ / de¢d cos 6,d cos 6,
BT dr/de? |, )L, de2dcosf,dcosf, dg ¢

12Ky + Ky
2 2K1$3+chc

(5.12)

Al is not a null test, however, similar to F, a strong sensitivity to some NP Wilson coefficients is
present. The top row plot of Fig. 5.6 shows All; in the SM in orange and in NP benchmark scenarios
C; =0.3, CS;,(IO) = 0.5 and C} = 0.3 in blue, red and green, respectively, for the four-body mode
Ef — 2% (— pr®)ptp. Similar to discussions of the meson decays, C;. (j) refers to C; or €, and we
explicitly checked that the two cases are indistinguishable within uncertainties. Scenarios with BSM
in Cy only or C}, only are SM-like. The lower row plots in Fig. 5.6 exemplary illustrate sensitivities
of C7 (left plot) and Cy, (right plot). Again, within uncertainties a plot with sensitivities of Cy is
indistinguishable from the bottom right plot (C7,). We see that right-handed dipole operators can be
tested at the level of ~ 0.01, whereas significant deviations for C§ and C7, require BSM effects close to
0(0.1).

Similar to F;, SM uncertainties are comparatively small as for a single Wilson coefficient scenario,
the Wilson coefficient drops out in the ratio. Phase uncertainties entering in C{* are then irrelevant.
For F; endpoint relations enforce F; = é, but Al is only vanishing at the high ¢ endpoint, and
non-vanishing, however model-dependent at the low ¢? endpoint. Also, it is not dipole couplings that
strongly alter the shape of Aly. Instead, one is sensitive to the difference of LH and RH quark currents,
i.e. primed and unprimed operators. The behavior of C;, Cy and C, with little or no effect on the SM
curve, versus strong altered distribution in scenarios of C7, CJ, Cf, can be attributed to the properties
of the involved angular coefficients under parity. K., and K, are P-even, and K, ., and K, ., are
P-odd. This leads to a cancellation of effects in numerator and denominator only for LH contributions.
This is illustrated exemplarily in the limit m, = 0 where All; with effects from Cy, C,, and Cj, can
be written as

A — (1C 2 + 1C1ol* = 1C101*) Ala?) /5752 s
FB — & ; - ’ ‘
((|C9|2 +1C10 — ClO|2 ) B(g*)s, + <|09|2 +|Cyo + C'10|2) C(q2>37)

where

m
Al@®)=2f19, + fr9: — g
(5.14)

2
mB _mB m
B(q2)=2gi+giw, Cl*)=2f + f; ——5——
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Figure 5.6: The top row plot shows the forward-backward asymmetry in the hadronic
scattering angle 6_ for the decay mode =F — X" (— pr%)u*u~ in the SM in orange and
in NP scenarios with C; = 0.3, Cg or Cjy = 0.5 and C} = 0.3 in blue, red and green,
respectively. A NP scenario with Cy only or (', only is not shown, as it is indistinguishable
from the SM curve. The bottom row plots show decreasing values of C7 (left) and Cj,
(right), see the respective legend and the main text.

In the SM Cy = C£ and €\ = 0 and the Wilson coefficient cancels. Similarly |CE|2 + |C},|? drops
out as long as Cf, = 0, which is why no scenario with NP only in C,, is shown in Fig. 5.6. On the
other hand, for Cf, # 0 the Wilson coefficients do not cancel, and the ¢* shape is driven by resonances
in Cf. The additional minus sign in front of C}, is because of the parity behavior of the numerator
and hence a similar discussion also holds for C7 and Cj. Interference terms of C; and C softly break
the exact cancellation, see the blue band in Fig. 5.6.

Next, we turn to another null test. The combined forward-backward asymmetry in both hadronic
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Figure 5.7: Combined forward-backward asymmetry in both hadronic and leptonic scattering

angles 0., 0, for the decay mode = — X (— pr°)u"u~ in NP scenarios with C}, or

C1y =03, C;y = —C, =0.3 and C;, = C}, = 0.3 in red, green and blue, respectively. The

right plot shows A%y only in the C}, = 0.3 scenario, but for the same decay channel for

comparison. The SM prediction for both AL and A%y is exactly zero.

and leptonic scattering angles can be defined as

A _ 1 /1_/0 /1_/0 /27r d'r d¢d cos 6,d cos 0
FB ™ dr/dq? b L 1), dg*dcosf,dcost, ¢ g
3 KQC

B 4 2Klss +chc ‘

(5.15)

Here, again C;, or Cf, are a necessity for a non-vanishing signal. In Fig. 5.7 the left plot shows
AH for ZF — X*(— pr®)utp~ in BSM benchmark scenarios C’ﬁ)) = 0.3 and C}, = +C{; = 0.3 in
red, green and blue, respectively. For better comparison the right plot shows Af;B also evaluated for
ZF = Y (= pr)utu and for Cpy = 0.3. This plot is similar to the same benchmark in the upper
left plot of Fig. 5.4 showing the three-body mode A, — pu*u~ up to differences in masses and the
additional B(X* — pr¥) suppression. The green and blue benchmarks are not shown in the right plot
as they yield the same result since no sensitivity to Cfj, is available in A%y as long as C, = C;, = C§ =0
(interference with C¢T is neglected).

Now, AL is also induced by a term proportional to CyCj, and hence is able to test both axial
vector couplings, even in absence of further BSM effects. From Fig. 5.7 we further learn that

o The scenario C}, or Cf, = 0.3 is indistinguishable from C;, = —C], = 0.3 within the large
uncertainties induced by the strong phases in Cé%.

o C)y = (], leads to a partial cancellation of contributions and a decreased signal with respect to
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Figure 5.8: The angular null-test observables K,, and K, for =f — X7 (— pr¥)utu~
and normalized to the differential decay rate in various NP scenarios for Cy, and C7,.

the other scenarios.

e The lepton forward-backward asymmetry vanishes at both kinematic endpoints, whereas A%% =
at ¢> = 4m?, but does not necessarily vanish at the high ¢* endpoint.

5.1.4 Further angular null tests

Two more angular null tests exist for the (quasi-)four-body decay chain, K5, and K,,. Both contain
terms proportional to both CyC,, and CyCy,, just like Ky, oc AHL, and different from K.
Afg. Structurally, this makes K5, and K,  similar to A%L, discussed previously. Fig. 5.8 shows
K,(dI'/dg?)~t (left) and K5 (dI"/dg?)~! (right) in the same scenarios as A&L in Fig. 5.7 for ZF —
St (= pr)utp.

The endpoint behavior is understood. At zero hadronic recoil, K5, = K;, = 0, and K, (dI'/d¢?)~! =
—K,.(dI"/dg?)~! and finite, however dependent on the model [248]. Further differences to AL are only
given by different Wilson coefficient times form factor combinations, which only results in little benefit
from the view of complementarity. However, two more null tests also imply further opportunities
increasing statistics and enhancing the sensitivity in a global analysis.

To go even beyond these opportunities in unpolarized rare charm baryon decays, the study of decays
of initially polarized charm baryons introduces further null-test observables. This might be useful
as some of those null tests already appear in polarized three-body decays, and hence can be probed
with A, — pu™p~. From an experimental perspective the sensitivity to these more exotic baryon
null tests in (quasi-)four-body decays depends on the (yet) unknown fragmentation fraction of exotic
charmed baryons such as =, 9, 29 and the efficiency loss due to the reconstruction of the final state

c “c

particles such as neutral pions. Although the B(B; — B,m) suppression is negligible, see Tab. 3.4,
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5.1 Angular observables

the signal loss due to a reduced efficiency and fragmentation fraction can be severe. On the other
hand opportunities in three-body decays of polarized A, can suffer from a similar suppression, if
the initial state polarization P, is measured to be small. A detailed study is beyond the scope of

this work, however eight additional null tests probing axial vector couplings Cig proportional to the
By-polarization Pp are easily identified in the four-body angular distribution

Ky, Koo, Ko7, Kgg, Ko, Kigs, K115, Kiaslsm >~ 0, (5.16)

with angular coefficients from the differential distribution defined similar to [249], however following
previously used notation

ar 3
dg2d? 3272

) ( (Klss sin? 0, + Ky,.cos® 0, + K, cos 94) +
(K sin® 0, + Ky, cos? 0, + K, cos ;) cos 0+
(Kqy.sin6,cosf, + K4, sinf,)sin 6, sin (¢, + ¢,) +
(K 48106, cosb, + K, sinf,)sin b, cos (¢, + ¢,) +
(K5, 8in® 0, + K;,, cos? 0, + K, cosb,) cos 0+

(Kgqs sin® 0, + Kg,, cos® 0, + K, cos ) cos 6, cos 0+
(K74.sin6,cosf, + K, sinf,)sin b, cos (¢, + ¢,) cos 0, +
(Kgg.sinb, cosf, + Kg sinf,)sin 6, sin (¢, + ¢,) cos 0.+ (5.17)
(Kgg.sin6, cosb, + Ky, sinb,)sin ¢, sin 6.+

(K{psesinb, cosb, + K, sinf,) cos ¢, sin 6+

(K{y4.8in60,cos60, + K, sinf,)sin ¢, cosf_sin 6 .+

(K{94c81n60, cosb, + Ko sinb,) cos ¢, cos, sin .+

(K13CC cos? 0, + K3, sin’ 95) sinf,_sin ¢, sin .+

(Kee 08?0y + Ky, 8in” 0,) sin 6, cos ¢, sin 6,+

K5, 8in*0,) sin 6 cos (2¢, + ¢,) sin 6+
K45, 502 0,) sin 0, sin (26, + ¢,) sin 96) :

Eq. (3.20) is recovered by the first four lines in (5.17) with ¢. + ¢, = ¢. ¢, and 6, are new angles
associated with the initial state polarization. We refer to Ref. [249] for details.

Among the eight additional null tests in Eq. (5.16), K;., Ky, and K, do not vanish for « = 0 and
can be tested in A, — pu*u~, given a sufficient polarization of the A.. Note that K, = —Pp K,

which implies that a test of K5, in polarized three-body decays of A, is equivalent to testing AZL, only
available for self-analyzing four-body modes.

Angular null tests have already been tested recently in four-body meson decays D® — h*h=p*u= [72],
and a first global fit might be in reach. The difficulty of these four-body charmed meson decays is that
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Figure 5.9: dB(A, — pu*p~)/dg? [GeV 2] and F; in the same mode are shown in the left
and right plot, respectively, for the resonant SM in orange and for C§ = £0.5 and C7 = 0.3
in red, green and blue, respectively. Solid lines show fixed strong phases J,, = §, = 0 and
dashed curves are for §,, = 0, d, = 7. In the right plot uncertainties due to strong phases
cancel in the SM, which is why no dashed orange curve is shown.

resonances in the hadron and the lepton part of the final state need to be modeled [88]. A detailed
investigation of the results in [72] is beyond the scope of this work and shall be given elsewhere.

5.1.5 Towards a global fit

We summarize the complementarity in different angular observables presented in this section and
discuss the possibility to disentangle contributions from NP Wilson coefficients and QCD resonance
parameters. As evident from Figs. 5.2, 5.4, 5.5, 5.6, 5.7 and 5.8 uncertainties from resonance parameters
hamper the straightforward extraction of Wilson coefficients in rare charm decays. In that sense only
a simultaneous extraction of Wilson coefficients and resonance parameters in a global fit to several
angular observables will help to disentangle NP contributions. Fig. 5.9 illustrates the sensitivity of the
differential branching ratio (left) and the fraction of longitudinally polarized dimuons (right) for the
three-body baryon decay A, — pu™ ™ by showing the SM in orange and NP scenarios with C§ = +0.5
and C7 = 0.3 and strong phases fixed to d,, = §, = 0 (solid curves) and §,, = 0, J, = 7 (dashed curves).
In F}, phase uncertainties cancel in the SM and only a solid curve is shown, whereas in the differential
branching ratio, the phase matters. Note that without information on strong phases the sign of Wilson
coefficients remains unknown, as a sign flip is equivalent to flipping all strong phases simultaneously.

Clearly, ¢? differential measurements in both observables would be able to distinguish between the
different scenarios. This is already clear as for example the benchmark C7 = 0.3, §,, = 0, 0p =
(blue dashes curve) is already excluded by the experimental upper limit in Eq. (3.22), however at the
moment neither the exact phase combination nor the value for C; can be excluded. It is only the
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5.2 CP-asymmetries

combination of all parameters that is tested.
On the other hand the complementarity of the presented observables is already sufficient to disentangle
most of the different NP Wilson coefficients as follows

e Tensor and scalar contributions are tested in angular observables of charmed meson decays,
see Fig. 5.2. The scalars are tightly constrained from upper limits on purely leptonic decays
D® — ¢+¢~ and updates are expected to be available in the near future.

« Dipole operators C; and C7 are probed in F; and can be distinguished by AlL.

e NP in Cf can be identified if F; is SM-like and the null tests remain zero, but A%IB shows signal
of RH quark currents.

« Axial vector couplings C, and C7, show up in various null-test observables and LH and RH can
be disentangled again in Afy, and further in A%y, where only C}, enters, as long as no further
BSM couplings are present.

e Only in the scenario of NP only entering in Cy no final conclusion can be achieved without better
knowledge of resonance parameters.

Note, that these statements are independent of the actual resonance model used for the parametrization
of long-range effects. In any case a global fit can only be performed taking into account resonance
parameters and Wilson coefficients at the same time. However, interesting physics is tested in angular
observables of rare charm decays despite the significant uncertainties induced by the dominant resonance
contributions.

Beyond angular observables, even more null tests of the SM are available for rare charm decays and
are discussed in the remainder of this section.

5.2 CP-asymmetries

We discuss CP—violating NP contributions in semileptonic rare charm decays and correlations to
CP-violation in AAqp. As pointed out in Sec. 3.5, we focus on direct CP—violation.

5.2.1 Resonance-enhanced CP—asymmetries in D — P{T(~

The CP-asymmetry in rare semileptonic charm decays constitutes another promising null-test observ-
able [90, 92]. Similar to the discussion of the lepton forward-backward asymmetry in Sec. 5.1.2, we
distinguish two definitions, differing in their normalization

_dI'/d¢* —dI'/dq?

~ dr'/dq? —dI'/dq?
A 2) = = , A 2) = — , 5.18
cp(q) 7T cp(q”) Al /dg + dT/dg? ( )
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5 Null-test strategies and New Physics sensitivity in rare charm decays

where I corresponds to the CP—conjugated decay mode and the integrated decay rate I" and similarly
T are defined as in Eq. (5.3). The explicit form of the difference of the differential rates reads

ar Al Ga?
G
dg?  d¢®  256mOm3, br
2 m, fr R 2m§
2
+ 1m [Cp] Im [CF] 5 (m3, — m3)2f3 (5.19)

C

m

+ 41Im [C7] Im [CZ] £ Appfifr

mp+ mp

m

+ 20 Cygl i [OF) T iy — 3?5 |
C

In the SM, effects are proportional to Im(C§?) and Im(CS?), defined in Eq. (2.25), and negligible due
to the involved small phases of the CKM factors. Effects from the resonant decay Aqp(DT — ¢n™)
are consistent with CP—symmetry [250] and since ¢ — pp is an CP—conserving electromagnetic decay,
no SM background is expected, which makes these type of CP—asymmetries null tests of the SM.

On the other hand, the resonance contributions catalyze CP—violating NP effects around the
resonance masses, where strong phases are large and the largest statistics is available [92]. This makes
CP-asymmetries promising candidates in the search for new sources of CP—violation beyond the SM,
as illustrated in Fig. 5.10. Here, we show the CP-asymmetries of D™ — 77 u"p~ (left panel) and
Df — Kptp~ (right panel) around the squared mass of the ¢ resonance and in the high ¢* region
for a NP benchmark Cy = 0.1 exp(i¢yp) with CP—violating phase ¢yp = 7/4 and for several fixed
strong phases ¢, = m, 0, /2, —m/2. in blue, yellow, red and green, respectively. In Fig. 5.10 we use
the integrated decay rates as normalization.

CP-violation from other Wilson coefficients would be generated from dipole couplings Cw, but is
suppressed for Cp, Cp, Cy by the light lepton mass, or negligibly small Im[CE(¢* ~ m2)]. Im[CE]
is larger around the n and 7’ mass, however their small widths make probes for CP—violation in
Cp, Cp, C,( inaccessible.

As evident from Fig. 5.10 large effects can be observed in both kinematic regimes and irrespective of
the value of the strong phase J,, however binning might be necessary especially around the resonance
mass region, as effects might be washed out by integration. The chosen benchmark is not the maximally
allowed value for the absolute value of the Wilson coefficient Cy, however, depending on the model,

constraints and correlations from CP-violation in D® — D™ mixing and hadronic decays (AAqp) might
be more stringent. This scenario is investigated in detail in the framework of flavorful U(1)" extensions
in Sec. 5.2.3.
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Figure 5.10: The CP-asymmetry for Cy = 0.lexp(in/4) in Dt — #tutp~ (Df —
K*u"u™) decays is shown in the left (right) plot in the region around the ¢ resonance
[(my — 5F¢)2, (mgy + 5F¢)2] (upper plots) and in the high ¢* region (lower plots). Strong
phases are fixed to 65 = 0, £7/2, 7, see legend. The uncertainties are due to the remaining

strong phases (d,, d,) and the form factors.

5.2.2 CP-asymmetries in A, — pl*{~

CP—-asymmetries around the resonances can also be studied in rare charm baryon decays, which we
discuss for the example of A, — pu®u~. Here, we investigate in more detail the importance of the
normalization used in Eq. (5.18). We use a similar benchmark scenario Cy = 0.5¢"/4 and the same
fixed strong phases 6, = 0, £7/2, 7 in yellow, green, red and blue, respectively, and plot Acp in the
full ¢? region and zoomed into the region around the ¢ resonance in the top row of Fig. 5.11. The plot
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Figure 5.11: Direct CP-asymmetry of A, — pu™u~ decays for the CP—violating benchmark
Cy = 0.5¢'™* with ¢?-differential normalization in the full ¢> range (left) and the region
around the ¢ resonance (right). d,, fixed to 0,7, +7 is displayed in yellow, blue, green and
red, respﬂectively, where uncertainties are due to form factors and strong phase variation

in 0,. Acp with integrated decay rate as normalization is shown in the lower plot for

on the bottom shows the analogous fICP for the baryon mode around the ¢ resonance for comparison.

For Acp, i.e. for differential decay rates in numerator and denominator, the signal decreases towards
the resonance masses, which is contrary to the findings for constant normalization (ﬁcp), see also
Fig. 5.10 and Ref. [92], where the signal is enhanced around the resonances. The reason is simply
that the denominator in Aqp peaks at the resonance mass and therefore eradicates the signal in the
numerator. In the upper left plot one can also see how the full phase variation of J,, leads to a blurred
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5.2 CP-asymmetries

signal around the p, w masses, whereas the fixed phases d,, lead to a rather disentangled picture around
the ¢ resonance, also visible in the zoom-in plot (upper right).

Also, large, localized cancellations are circumvented by the integrated denominator of ACP, leading
to reduced uncertainty bands in the lower plot of Fig. 5.11 with respect to the upper row plots.

As a combination of presented null-test opportunities, we define the CP—asymmetry of the lepton
forward-backward asymmetry as

— J—
App + App _ K, — Ky
A%‘B _Zﬁ‘B ch + ch

ALY = (5.20)

with K, the angular coefficient after CP—conjugation. This type of CP-asymmetry was already
studied for inclusive charm decays [251] and for rare B decays [252]. Again small CP—phases and
the GIM cancellation protect ASE in the SM, thus providing yet another null test, this time with

—¢
sensitivity to the imaginary part of C';,. Note that A%B is a CP—-odd observable, thus A%B = —App in
the CP—conserving limit.

Agg can be used for two purposes. Firstly, it tests imaginary parts in axial vector coupling C;,. We
find K;,. o< Re(CE C3,), which leads to

Im Cé:i ImCy
ReClt ReCyy’

ASE = (5.21)
and therefore constitutes a very clean null test of the SM, where hadronic uncertainties mostly cancel

and are only induced via strongly suppressed contributions from Cgff and C?ﬁ, which break the exact
cancellation of form factors in numerator and denominator.

Secondly, Agg is very sensitive to the values of strong phases. This can be seen as follows. Consider
a single resonance contribution, e.g. the ¢ resonance, in the definition of CJ¥, then

Agg _ ImC§ ImC _ (q2 _mi) tan5¢ —m¢F¢ ' ImC,,

5.22
Re C{t ReC)y ¢* —mZ +myl, tand, ReCyy’ (522)

with unknown strong phase d4, which however determines the value of ¢*> at which a zero in the
denominator leads to a diverging Agg. The interference of several Breit-Wigner shapes then leads to
further divergences, which however coincide with the zeros in ALy and provide information on the sizes
of the strong phases, which again motivates a joint global fit of Wilson coefficients and strong phases.

For illustration we define the CP—violating difference and the CP—average, as

_ 1 _

N |
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Figure 5.12: CP-asymmetry of the forward-backward asymmetry Agg for A, — putu~
decays and the C}, = 0.5¢™/* scenario. We use several different, fixed combinations of
strong phases, see legend. The upper row displays the CP-average and the CP—difference as
in Eq. (5.23) in the left and right plot, respectively, and the bottom plot shows their ratio
Egs. (5.20), (5.24).

where again App is CP-odd, so that Eq. (5.20) is recovered as

AASE

CP _
Apg = SACE -

(5.24)

Fig. 5.12 displays ZASE , AASE and their ratio in the upper left, upper right and bottom plot,
respectively for various fixed combinations of strong phases, see the legend, and for C;, = 0.5 exp(im/4).

Since Agg is highly sensitive to the strong phases via ¢ positions of divergences, it is impossible
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5.2 CP-asymmetries

to provide integrated values of the CP—violating forward-backward asymmetry. Also note again that
ASE is insensitive to imaginary parts of Cf, as no interference terms with C& exist. As demonstrated
in Sec. 5.1.3, other null-test observables, such as the combined forward-backward asymmetry in both
lepton and hadron system AL exist in (quasi-)four-body baryon decays and test C7, via interference
terms with C#. Therefore, the CP-asymmetry of A4l has sensitivity to Im(C},). In general, CP—
asymmetries of all angular observables can be defined and studied. We leave a detailed analysis to
future studies, which may be needed as soon as data become available.

5.2.3 Correlations to AAqp

CP-violation is observed in the charm sector in the measurement of AAqp = Aqp(D® — KTK~) —
Acp(D® — 7rn) [85], see discussion in Sec. 3.5.2. Since the NP nature of the recent LHCb
measurement is subject of ongoing discussion, we study how correlations between CP-violation
measurements in semileptonic and hadronic charm decays may help to interpret this experimental result.
We choose to study these correlations within the framework of flavorful, anomaly-free Z’—extensions,
introduced in Sec. 4.3 and further details compiled in App. D. The advantage of these type of models
is that they induce these CP—asymmetries for both hadronic and semileptonic decay modes at tree
level. The most stringent constraint is then the D° — D’ mixing amplitude, which is also generated at
tree level.

We expect the branching ratio of hadronic decays D° — P;" Py to be dominated by the SM single-
Cabibbo-suppressed decay amplitude, which is why we split contributions for K™K~ and 77~ final
states as in Eq. (3.32). Here, the first term exactly defines the single-Cabibbo-suppressed contribution,
the second term is responsible for CP—violating effects in the SM and the third term corresponds
to BSM contributions from Z’—interactions. Again, /ll}?(’ﬂ) is assumed to have a negligible effect on
the branching ratio. Within these assumptions SM and BSM effects to AA-p can be separated as in
Eq. (3.33), where 2

ArNY = psin§p singy + 7, sind, sing, , (5.25)

where dj, 6. are unknown strong phases, which we take to be maximal, as we are interested in maximal
NP effects and
/ZII\I(P AE_TP

- R S 5.26
K (A5 — A% )sm (AL — A3 )sm (5.26)

The absolute values of the denominators in Eq. (5.26) are fixed by branching ratio measurements, see
App. D.3.
As discussed at the end of Sec. 4.3, large CP—violating effects while simultaneously evading severe

kaon constraints are possible if the LH quark current is zero, while the RH one exhausts the D° — D°
mixing bound. This can be achieved with AF; = F, — Fy =0, possible in models 2, 4, 5, 9 and 10

Xy = =X, + O(),) leads to an additional minus sign between the pion and kaon amplitudes.
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5 Null-test strategies and New Physics sensitivity in rare charm decays

Table 5.1: Parameters cx ., dg . and d/ o in (TeV)?, see App. D.3 for definitions and
details, and for increasing Z’—masses in TeV.

M, [TeV] 2 4 6 8 10
Cre 1.133 1.217 1.266 1.302 1.330
dy —0.046  —0.054  —0.058  —0.061  —0.063
Cr —1.446  —1.553  —1.616  —1.661  —1.698
d, 0.058 0.068 0.074 0.077 0.080
d, 0.071 0.083 0.090 0.094 0.098
do 0.077 0.090 0.097 0.102 0.106

in Tab. D.1 in App. D. Simultaneously, we need AFp = F, —F, # 0, since

u
g4e = g4 sin 6, cos0,er AFy, (5.27)

where 6, and the CP-phase ¢ parametrize the misalignment of flavor and mass basis for RH up-type
quarks.

With details on the calculation given in App. D.3, we find that AA-p can be written as
AAXE = AXE (DY — K*K—) — AN (DY — nfm) (5.28)

with

2

_ g

ANE (DO - K+K™) ~ M‘; 0, AFg [cx Fo, +di Fy |
Z/

(5.29)

2
9
ARE (DO — 7tn) ~ M4 0, AFg [c, Fo, +d, Fy | .

2
Z/

Numerical values for the parameters cy, d, c,, d. are collected in Tab. 5.1 and details on their

calculation are compiled in App. D.3.

We explicitly demonstrate how large values for AAqp are achieved, while evading the D° — D’

mixing bound for model 2 of Tab. D.1 with AF =12 and 6, = 1-10~* in Fig. 5.13, where we show
increasing contributions to AA-p see green bands and legend, as well as constraints from mixing on
T, 8in @15, shown as a red exclusion region and on the absolute value x,, as red hatched region® in
the plane of the remaining model parameters g,/M, and CP-violating phase ¢. The golden star

3The red exclusion regions in Fig. 5.13 are more stringent than in Ref. [2], due to improved fit values for z,, and ¢, in
the update of Ref. [176] when including Ref. [253].
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Figure 5.13: ¢p—g,/ M (TeV™!) plane for §, = 1-10~* with increasing contributions to
| AANE| (green bands) versus exclusion regions from DD’ mixing, see (D.6). The imaginary
part x5 8in ¢4 is shown as the red area and the absolute value x5 as a red-hatched region.
F,,~charges are taken from model 2, see TABLE D.1. The golden star indicates a benchmark
point (5.30) as discussed in the main text.

indicates a benchmark value resulting in AANE ~ 1073

b ~ g AZ‘; -~ 0.38TeV T, 6, ~ 1071 (5.30)

Fig. 5.13 shows that the weak phase ¢ needs to be slightly fine-tuned, as a value around ¢ ~ 7/2
drops out in the mixing amplitude but gives maximal CP—violating effects in hadronic and semileptonic
decays.

Another benchmark point used in Ref. [2] based on charges from model 10 of Tab. D.1 is now
excluded, due to updates in mixing parameters and improved bounds on B(D" — 7 utu~). We
demonstrate this via Fig. 5.14, where we show the plane spanned by AFp = AFy -0, and g,/M, for

charge assignments as in model 2 (left) and model 10 (right). In light green, dark green, blue and cyan

. . . . . . -0
we plot decreasing contributions to AA¢p, in red and black we show exclusion regions from D — D

mixing and perturbativity plus searches in dimuon and dielectron spectra [184] (g, < 4w, M, < 5TeV),
respectively. We also show the upper limit from B(Dt — 77" u™) as dash-dotted lines. In the right
plot, we distinguish two different possibilities for model 10 charge assignments. The first scenario has
large muon charges F; = 15, F, = 18 and severe constraints from B(D" — wtutu) are shown as a
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5 Null-test strategies and New Physics sensitivity in rare charm decays
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Figure 5.14: AANL for Z’-models 2 (left) and 10 (right) in the plane of g,/M,, (TeV )

and AF '» = AFp -0, and exclusion regions from p*-D’ mixing in red and perturbativity plus
direct searches in dimuon and dielectron spectra [184] (g, < 4w and My > 5 TeV) in black.
Light green, dark green, blue and cyan bands correspond to |AA§E = (4.0+0.2)-1073,
|AARE| = (1.54+0.2)-1073, JAARE| = (8+2)-10~* and |AAXE| = (34+1)-107*, respectively.
The magenta dash—dotted and dotted lines show the upper limit from B(D" — 7t ptu™).
In the right plot the dotted line corresponds to model 10 with large muon charges and the
dash—dotted to model 10 with the smallest possible muon charges. In both cases the cyan
band is still viable, and the green band is excluded. The golden star and pink diamond are
benchmark points.

dotted line. The second scenario has the smallest possible muon charges, Fj, =0, F, = —4, and the
limit from B(D" — 7t p" ™) (dash-dotted line) is irrelevant. Two similar plots for models 2 and 9,
also presented in Ref. [2], are shown in App. D.4.

It is still possible to obtain large contributions to AAqp, while evading constraints from mixing,
direct searches and semileptonic data. However, the viable parameter region is shrinking, and some

models (9 and 10) are not able to fully account for the measured value of AAqp. In model 10, it is still

possible to avoid B(D* — 7 u* ™) with small muon charges, however, the joint bounds from DY -7’

mixing and the perturbativity limit object benchmark points within the green band in Fig. 5.14.

In order to further pin down models, it is crucial to investigate correlations between various CP—
violating measurements. We briefly discuss possibilities with U-spin and isospin patterns in hadronic
decays, i.e. individual measurements of Aqp(D® — KTK ™), Aqp(D? — m717), Acp(D° — 7%70) and
Acp (DT — 7t 7%) | as well as correlations to semileptonic rare charm decays.

In the U-spin limit Agp(D® — KTK~) = —Ap(D® — mF7). Hence, an estimator for the breaking
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5.2 CP-asymmetries

of U-spin symmetry reads

Agp(DO>KT K- -
‘1 - % , for Agp(D° = KTK™) > Agp(D" — m¥n?),

Ui = (531

A DO —mta— B
‘14—% ) fOYACp(D0—>K+K )<ACP<D+—>7T+7TO),

and can be quantified within our framework for Z’—models via Eq. (5.29). Isospin breaking can
be analyzed in Acp(DT — 7t70), which is a clean SM null test [254]. Z’-models induce this
CP-asymmetry with

2
ANE(D* = 7t 70) ~ ]\342 0, AFpd, (Fy —F, ). (5.32)
Z/

Numerical values of d, for different values of M, are given in Tab. 5.1. Inserting Eq. (5.28) into
Eq. (5.32), we find

dﬂ" (Fdl _Ful)

ANP(.DjL — 7T+7T0> ~ B’n" . AANP, ,Bﬂ,/ = s (533)
cP cP cxFo, +dg Fy, —c, Fo —d, Fy
and similarly
g2
AgIFD)(DO‘)WOﬂ-O)N 42 G’U,AFRdﬂ'O (FdliFul)v
Mz (5.34)
d7r0 (Fdl - Ful)

ARE(DY — 7070 ~ B0 - AARE . B o = )
cP cP ¢ Fo, +dyg Fy —c, Fo —d Fy

Finally, using Eq. (4.16), we find the following connection between hadronic and semileptonic CP—
asymmetries

F, + Fp
m(C? } ~ 7T ¢ AANE Bt = G i : 5.35
( 9/10) V2Gpa, ﬁ9/10 CP 59/10 cx b, +dg Fy, —c Fo, —d. Fy, (5:35)
Assuming the models suffice AANE ~ 1072 we find
¢
Im(Cyyy) ~ 0.03- 355, (TeV)? . (5.36)

Values for 55, ¢, for both ¢ = e, u, as well as 80,3, and Ufet . for models 2, 4, 5, 9, 10 and
M, = 6TeV are displayed in Tab. 5.2. We distinguish model 10 with large muon charges and model
10p with the smallest possible muon charges. Fig. 5.15 shows the plane of Aqp(D° — KT K™) versus
Acp(D® — 7777). Predictions in models 2, 5, 9, 10(u) are shown in blue, magenta, yellow and cyan
respectively. The red dashed line shows the U-spin limit and the light red cone illustrates SM-like 30 %
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5 Null-test strategies and New Physics sensitivity in rare charm decays

Table 5.2: Numerical values for dimensionless 3./, 8,0 and 3§ /10 (0 = p, e) in (TeV)~2, see
Eqgs. (5.34), (5.33)) and (5.35), as well as Uj2% , from Eq. (5.31), for fixed M, = 6 TeV.

model By 10 85 B0 Bro B Upntak
2 0.57 —0.57 —0.68 0.68 —0.02 —0.02 0.42
4 —1.04 —0.35 1.04 0.35 —0.03 —0.03 0.22
5 —0.67 0 0.67 0 —0.10 —0.09 0.32
9 —20.56 —14.07 15.15 —2.17 —-1.89 —1.75 0.22
10 37.25 3.39 —32.73 1.13 1.31 1.22 0.91

10p —4.52 —452 —=32.73 1.13 1.31 1.22 091

[ap]
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Figure 5.15: Acp(D° — KT K~) versus Aqp(DY — mt77) plane with predictions in the
Z'—models 2, 5, 9 and 10(x) in blue, magenta, yellow and cyan, respectively. The green
band shows the experimental world average of AAqp at 1 o, see Eq. (3.27). The gray bands
indicate the present experimental 1o regions [176]. We illustrate the U-spin limit as a red
dashed line and < 30 % SM-like U-spin breaking as a light red area.

U-spin breaking effects. The green band shows the current 1o world average of AAqp as in Eq. (3.27) and
the gray bands show 1o regions for individual CP—asymmetries Aqp(D® — 7777 ) = (1.24+1.4) x 1073
and Agp(D° — KTK~) = (—0.9+1.1) x 1073 [176]. Future sensitivities of the individual asymmetries
reach fewx10~* at LHCb until Run 3 and Belle IT with 50ab ' [64, 255].

We find that large values for 3.0 and 8, and hence contributions in ANS(DY — 7%70) and
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5.3 Lepton universality ratios

AL (DT — wr7%) at the level of AAgp are generated in models 9 and 10. U-spin breaking effects are
large in model 2 and close to maximal in model 10. Typical models (2, 4, 5) generate contributions in
rare semileptonic decays at the level of Im(Cé@lO) ~ few x 0.01 for both electron and muon Wilson

coefficients. Larger values are possible in models 9 and 10, where Fiy = F; = 0. On the other hand,

these models are strongly constrained by updated measurements of D% — D’ mixing parameters and
upper limits from semileptonic decays, which object large contributions to AA~p and therefore also

suppress maximal contributions to CP—violation in semileptonic decays as well as ANP D(D° — 7070)

and ANE (DT — n77%). In any case, CP-violation in semileptonic decays and AgE(D+ — 7t70) are
null tests of the SM and any signal supports the NP interpretation of AA~p. Cross checks in hadronic
patterns, such as large U-spin and isospin breaking effects further help to pin down the NP nature
of CP—violation in the charm sector. Flavorful anomaly-free Z’—models further naturally induce a

violation of LF'U, which can be probed in ratios of muon over electron branching ratios, see Sec. 5.3.

5.3 Lepton universality ratios

LFU is deeply rooted in the gauge sector of the SM and only softly broken by mass corrections, which
become irrelevant at high energies. It is therefore straightforward to put LFU to test in semileptonic
charmed meson and baryon decays with the ratios [88, 93], in analogy to Ry, Rj. and similar ratios
in rare B-meson and A,—baryon decays [147, 148]

RD /q dB(D — Putp~ / /qmax dB( D — Pe e) 0
d Y

2
qmi; qmm (5 . 37)
RBO o Trmax dB(BO — Bll’l’+/’l’ / qn]dx dﬂ BU — Ble ) d
B, — ) dq2

9min qmm

Here, ¢2,, and ¢2,, denote the lower and upper dilepton mass cut and necessarily need to be identical
for electron and muon modes to ensure an efficient cancellation of hadronic uncertainties and hence a
controlled SM prediction close to unity [148].

We therefore study the NP sensitivity of these ratios as SM null tests. We give SM predictions for
RD R% and Rﬁ ¢ in the full, low and high ¢? region in Tab. 5.3. For these predictions we assume the
same resonance contributions in the muon and electron mode entering via C, CE, as these contain
QCDxQED effects, which are LFU. The kinematic regions are defined for D — Pt~ (A, — plte™)
as

full ¢2: 0.250 GeV <+/¢%> <mp —mp, (2m, <V@* <my —m,),
low ¢ : 0.250 GeV <+/¢? < 0.525GeV, (2m, <V/¢* <0.525GeV) (5.38)
high ¢ 1.25GeV <v/q2 < mp —mp, (1.25GeV <v/¢* <m, —m,).

Deviations from unity from lepton mass effects are O(m?/ mh ) with h, = D, D,, A, and only matter
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5 Null-test strategies and New Physics sensitivity in rare charm decays

Table 5.3: SM predictions for LFU ratios RZ, R% and R;‘ ¢ in the full, low and high ¢
region, respectively, see text.

SM -RSCBM

full >  1.00+0(%) 1.00+0(%) 1.004+ O(%)
low ¢> 095+ 0(%) 0.94+0(%) 0.94+0(%)
high ¢> 1.00+ 0(%) 1.00+0(%) 1.00 4+ O(%)

DS
RP|sm Ry

Table 5.4: RP and R% (5.37) in various NP scenarios with couplings to muons only for
different ¢ bins. We give ranges corresponding to uncertainties from form factors and
resonance parameters. In some cases only the order of magnitude of the largest values is
given, see text.

C =05 |Cl =05 |CYL =01 |CF =05 |CH|=05 |CF|==+[Cl|=05

RD

full ¢2 SM-like SM-like SM-like SM-like SM-like SM-like
low ¢ 0(100) 0(100) 0.9..1.4 0(10) 1.0...5.9 0(100)

high ¢>  0.2...11 3.7 1..2 1..5 2.4 2...17

RY:

full ¢? SM-like SM-like SM-like SM-like SM-like SM-like
low ¢? 0.1...3.0 1.3...1.5 SM-like 0.7..1.2 SM-like 0.5..3.6
high ¢>  0.2...16 3...11 1.5...3.7 1..6 1.6...4.1 2...26

for the low ¢? region. Higher-order QED effects are beyond the precision aimed for in this work, but
may become important as soon as the first data are available.

For a brief BSM induced sensitivity study we assume various NP benchmark scenarios with additional
contributions to muon Wilson coefficients only. We collect results in Tabs. 5.4 and 5.5 for Dt — 77 41(~,
DY — Kt¢t¢~ and Af — plT¢~. Note that dipole operators C;, C produce the final state lepton
pair via a single v — £/~ electromagnetic coupling. Hence, BSM in C’;Q leads to LFU contributions
and is SM-like, R2| 0 = Rg*| oo = Ry

For the meson decays we do not distinguish primed and unprimed Wilson coefficients, as only
|C; + C!|? contributions enter in the differential distribution, see Sec. 5.1.1. We put “SM-like entries”,
whenever our results equal unity within ©@(20 %), which is much smaller than the resonance induced
uncertainties. For deviating entries we either put a range, or the order of magnitude of the largest
values found. We learn that results strongly depend on the chosen mode, as RY can reach (100) in

(7)) — 1
7

the low ¢? region, whereas R% (R{,1 ¢) is more pronounced (equally large) at high ¢2. This is mainly
due to huge uncertainties from strong phases, which coincide with uncertainties in the differential
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Table 5.5: R;‘ ¢ as in Eq. (5.37) in NP-scenarios with couplings to muons only for different
¢? bins. See Tab. 5.4 and text.

cw =05 |cigl=05 |cg"| =01 =05 [Ci™ =05 |Cff| =05 |Cg"|=cf| =05

R}

full g2 SM-like SM-like SM-like SM-like SM-like SM-like
low q2 7.5...20 4.4...13 11...32 46..14 44..13 8.2...26
high ¢2  ©(100) O(100) O(100) ©(100) ©(100) ©(100)

branching ratios, see Figs. 3.2 and 3.3. Also NP effects are washed out in the full ¢? region due to the
LFU resonance dominance. It is therefore crucial to measure LFU ratios in several low and high ¢?
bins, where BSM effects can be huge.

Although predictions strongly depend on the resonance model, and therefore experimental input,
LFU ratios are clean SM null tests and might even be useful to pin down strong phases in a future
global fit.

We note that the low ¢? bin may suffer from a pollution due to n — £*¢~~ with soft photon v not
seen in experimental analysis [256]. A dedicated study of this pollution is beyond the scope of this
work, however needed as soon as data at low ¢2 become available.

5.4 Lepton flavor violating decay modes

As a final null test opportunity discussed in this thesis, LF'V can be probed. We have already presented
available upper limits on LFV Wilson coefficients in Sec. 4.1.

Distributions for several benchmark scenarios are shown in Fig. 5.16 for D" — 7nte*u™ and
Df — K*e*uT in the left and right plot, respectively. We show the sum of both lepton charge
combinations, i.e. B(D" — ntetu™) = B(DT — nhetu™) + B(DT — nfe p'). Explicit expressions
for the LF'V decay distributions are given in App. E.1 and App. E.2 for three-body meson and baryon
decays, respectively.

Here, again K ; implies K; or K;. We learn that different contributions can be disentangled
via their size. Comparing the low ¢? behavior of tensor and scalar contributions with the (axial)
vector contributions, we also find differences in the shape of the respective distributions. Furthermore,
resonance contributions are absent, which explains the reduced uncertainty bands, now dominated by
form factor uncertainties.

Similar distributions can be obtained exemplary for D™ — 7Te*y™ and A, — pu*e™ in concrete
BSM models, see Fig. 5.17.

The chosen LQ-scenarios S;, S, avoid constraints from other flavor sectors by construction and
hence can have close to maximal possible effects in RH quark currents, K = +K7, = 0.5. The other
BSM examples are constrained from rare kaon decays in the SUSY scenarios and from LFV decays of
charged leptons in the Z’—scenarios. We refer to Ref. [1] for further details.
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Figure 5.16: The plots show the differential branching ratios of D* — wte*u™ (left)
and Df — KTetpT (right) decays for different benchmark values of LEV-BSM Wilson
coefficients.
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Figure 5.17: The differential branching fractions, including form factor uncertainties, for
Dt — ntetu and A, — pute’ with LFV NP contributions in a (close to maximal) LQ
scenario with S; or Sy, (K§ = £K7, = 0.5), two R-parity violating SUSY (K, = —K;, =
0.009 and Ky = —K;, = 0.001) and two different Z’'—scenarios (K = Kq = —Kj, =
—K{y=14-10"%and Ky = K} = —K,, = —K{, = 2.3-10~%). The BSM benchmarks are
adapted from Ref. [1], see text for details.

We see, that LQ-scenarios easily reach branching ratios of @(1078), while the other scenarios are at
the level of @(10712) or even below. Model-independently, LEV decays of mesons were used to obtain
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5.5 Summary of the null-test paradigm in rare charm decays

limits on Wilson coefficients, see Eq. (4.11), and imply
K4 < 1.6. (5.39)

Using a single maximal coupling scenario, we obtain indirect upper limits on LFV three- and four-body
baryon modes, which read

B(Af — puFe™) <82 x 1077,
B(ES — XtpureT) <16 x 1076, B(EF = X (= pr¥)pute™) <83 x 1077,
B(EY — XO0uret) <26 x 1077, (5.40)
B(E? — Aouiﬁ) <1.2x1077 B(E? — A= pr)ute™) S T7.7x 1078,
B(2° — ZE0ure™) <14 x 1076, B(20 — E0(— A7) puteT) < 1.4 x 1079,

and are well above the scenarios presented in Fig. 5.17, however better than the only available upper
limits from BaBar at 90 % C.L. [210],

B(Af = pu~e) <9.9x 1079, B(AF — pute™) <19 x 107°. (5.41)

5.5 Summary of the null-test paradigm in rare charm decays

Long-range QCD resonances enforce the need to study observables beyond simple branching ratios in
semileptonic rare charm decays. Null tests constitute the single possible road towards experimental
evidence for NP in the charm sector. Any observation coincides with the existence of BSM physics.
Angular observables in three-body meson decays D — P{¢*¢~ and upper limits on branching ratios
of purely leptonic decays D° — ¢*¢~ probe (pseudo-)scalar and (pseudo-)tensor Wilson coefficients
and can be assisted by plenty of possibilities with semileptonic rare charm baryon decays with three
and four particles in the final state. Here, the angular distribution offers several clean null tests, along
with several observables with finite, however, clean SM predictions and high sensitivity to BSM effects.
Barring large (pseudo-)scalar and (pseudo-)tensor contributions, already four angular observables in
rare charm baryon decays, F;, A%y, Alg and AZL suffice to qualitatively disentangle NP contributions

to C’;l), C§ and C’;g. In angular observables and in measurements of direct CP-violation around the
resonance masses, contributions from intermediate QCD resonances catalyze NP effects. Correlations
of CP—asymmetries in semileptonic decays and hadronic decays may help to pin down the NP nature
of the measurement of AA.p. LFU and LFV can be probed directly and large effects are still viable.
Interestingly, these two SM symmetries can also be probed indirectly in dineutrino modes, which are
studied globally in several flavor sectors in the next section. In charm they pose yet another null-test
opportunity due to the severe GIM cancellation and the lack of resonance contributions.
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In this chapter we present opportunities to connect different sectors in both quark and lepton flavor space.
The main focus lies on branching ratios of FCNCs with dineutrinos in the final state. Experimentally,
dineutrinos cannot be detected in a flavor physics experiment so that the signature is missing energy.
This complication prohibits dineutrino studies at a hadron collider and demands a clean e e~ —machine.
On the other hand also the neutrino flavor is not tagged in a missing energy signature, which leads to a
flavor inclusiveness of the observables, schematically O(vv) = 3_. ; O(v;v;) with 7, j summing neutrino
flavors. Since neutrinos in the SM only exist as parts of a weak dc;ublet, an SU(2);link exists between
charged lepton and dineutrino couplings. For the same reason, the quark doublets lead to further
connections between different flavor sectors, which needs to be taken into account when exploiting
the SU(2),—link. This chapter is based on Refs. [3, 4, 7] and organized as follows. In Sec. 6.1 we
present the general idea by discussing flavor summed dineutrino branching ratios and relate Wilson
coefficients of different sectors via the SMEFT. Sec. 6.2 discusses applications of this new SU(2)-link
to the charm sector. Here, dineutrino modes represent further null-test opportunities, as resonance
contributions are absent, while the efficient GIM cancellation still holds. Additionally, upper limits on
dineutrino branching ratios within different flavor assumptions are worked out so that LFU and cLFC
can be tested indirectly. Next, we investigate opportunities of the SU(2);~link in rare B-decays in
Sec. 6.3. Here, the correlation of two rare dineutrino modes can be used to indirectly test LFU in the
charged lepton sector. Furthermore, couplings involving 7 leptons can be constrained via dineutrino
upper limits. Sec. 6.4 summarizes the chapter and briefly presents the interplay between the various
different sectors, also investigating possible tests that can be done in the future in observables involving
t-quarks. Consequently, this chapter aims at a more general view of FCNCs in the SM, which is why
the notation to keep track of two quark and two flavor indices can be exhausting. For that reason,
flavor indices are skipped whenever possible and we stick to the following notation.

e The superscript U refers to up-type FCNCs: t — ¢, t — u, ¢ — u.
e The superscript D refers to down-type FCNCs: b — s, b = d, s — d.
e ¢q' can be any of the above-mentioned FCNCs.

e «, B refer to both up- and down-type quark flavor indices, while i, j are flavor indices for either
charged leptons or neutrinos.

6.1 SU(2),~links in SMEFT

In our analysis, we consider SMEFT operators contributing to FCNC quark transitions with both

dileptons and dineutrinos at lowest order, 7.e. four-fermion operators at dimension six with Wilson
: (1) ~(3)

coefficients C ', Cy."; Cyyy, Coq,

(92? = QV“vaf‘L, (92) = @’YNTGQZ’)/”TQL, Oy, = UV#UZM‘L, Opg = ﬁ’yqu’y“L. (6.1)

No further operators contribute at LO. Note that four-fermion operators in SMEFT carry four flavor
indices, two for the quark transition and two for the leptons, all of which are dropped for the moment.
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6.1 SU(2),-links in SMEFT

Figure 6.1: Feynman diagrams for contributions of four-fermion operators from Eq. (6.1)
(left) and sub-leading ones involving Z—exchange (middle and right) to FCNC processes
involving quarks ¢ and neutrinos, with flavor indices «, 3,14, j. Red blobs indicate operator
insertions.

The validity of this framework that only considers the four operators in Eq. (6.1) is justified by the
following reasoning

o The four-quark operators are invariant under QCD-evolution [257] and electroweak effects [258]
amount to a correction of less than 5% for a NP scale of Ayp ~ 10TeV, explicitly calculated
in [7]. With typical form factor uncertainties at the level of @(10 %) we neglect running effects.

e Operators with either quarks or leptons and two Higgs fields @ and a covariant derivative D",

Qv,Q D!, Q1,7 QP D7D Uy, UP' DI,
D, D& D+, Ly, Lo DM, Ly, L&' D',

are neglected. This is because these operators contribute via modified Z—couplings, see Fig. 6.1,
where Feynman diagrams are sketched for the four-quark operators and the tree-level Z—exchanges
with red blobs indicating an operator insertion. For the Z—exchanges, the modified quark coupling
still obeys LFU for the leptons and the modified lepton coupling conserves the quark flavor, i.e.
no FCNC is induced. Operators inducing LFU violating FCNC transitions, the ones we are
interested in, are of higher order in SMEFT. In addition, operators with modified Z—couplings
are constrained by electroweak and top observables, as well as mixing, see Refs. [259, 260].

The four-quark operators in Eq. (6.1) therefore provide a model-independent basis for dineutrino
modes. Comparing Hamiltonians in Eqs. (2.23), (2.26) and (2.34) and expanding the operators in
Eq. (6.1) into their SU(2);—components, one finds the following matching conditions from SMEFT to
WET coefficients

2T 1 3 27
Cl=Kp="-(c, +cy). CE=Kj=""C,,
e ¢ 6.2)
2T 1 3 27 (
cp=xy="(cp ). ck=xp="c,,
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6 Flavor tests with dineutrino modes in charm and beyond

dra UR«

UaBij _ 7-DaBij
Cr =K

CUabis _ Uasii
vj Lr;

lri

Figure 6.2: Wilson coeflicients and effective four-fermion Feynman diagram for up and
down quark transitions with dineutrinos CLU, g and dileptons K LD and K g, corresponding to
the operators in Eq. (6.1) with flavor indices «, 3,1, j. The SU(2);—based relation between
neutrino and charged lepton operators holds in the fermions’ flavor eigenstate basis and
enters in (6.7) in the mass basis.

where U and D refer to a up-type and down-type quark transition, respectively. The coefficients
C}, g refer to operators in WET with dineutrinos, whereas the coefficients K, p are associated with
charged leptons. Clearly, a direct link between RH dineutrino and dilepton coefficients exists for
both up- and down-type sectors. However, for the LH operators, due to different signs of Cé;) and

C’é? , up-type dineutrino couplings are linked to down-type coefficients involving charged leptons and
similarly down-type dineutrino coefficients are identical to the up-type charged lepton couplings. This

link is illustrated in Fig. 6.2 including the four flavor indices.

A few comments are in order. The SU(2);-link in Eq. (6.2) holds for BSM couplings only, because in
the language of SMEFT all Wilson coefficients are understood as BSM couplings as higher-dimensional
operators are added to the SM Lagrangian in Eq. (2.34). In WET this separation is treated differently
in the literature, some include the SM into the Wilson coefficients, e.g. Ref. [261] for b — s¢T¢~ or for
instance Refs. [90, 93, 98] for ¢ — wl*¢~, some explicitly separate SM and NP contributions, Refs. [262,
263]. Here, we stick to the clear separation of SM and NP Wilson coefficients, i.e. we explicitly add
the SM contributions. Further, Eq. (6.2) in principle also holds for couplings involving two quarks
with identical flavor U = tt, cc, uu and D = bb, ss, dd, however our main interest is in semileptonic
FCNC decays.

Since Eq. (6.2) utilizes SMEFT, it is required to switch from gauge to mass eigenstates for the
quarks and leptons

u 145
Qa — ( La ) , L’L — ( *Lz ) , (63)
Vagdyg WiilL,

with the CKM matrix V and the PMNS matrix W. By doing so we switch from standard to calligraphic
notation for the Wilson coefficients. After applying the rotation, the SU(2);—link in the mass basis
reads

M = WKW +0(N), eM = wixMw, (6.4)

80



6.1 SU(2),-links in SMEFT

where either M = U, N = D or vice versa and first corrections appear at first order in Wolfenstein
A. This link can be exploited in dineutrino observables. As stated already in Sec. 2.2.2, only two
dineutrino Wilson coefficients exist in WET, therefore for each FCNC quark transition ¢ — ¢’ all
dineutrino differential branching ratios can be written in terms of two combinations of these couplings
plus the (LH) SM contribution

L Lo ‘o Yo
zhy = o lCHY et L et . (6.5)
ij
A third combination z,, is a linear combination of these two and implies the following relation
x;rq’ T 2oy qq’ij qaq’ij|2 qaq’ij|2 +
xqq,:f:ZOC’SM +CT PP+ CF Y ) , Ty S 2Tgg (6.6)

]
For these combinations the SU(2),-link can be employed resulting in

> (lesd + e P +1ed 1) = o [+ e il +er'h) + el el

l/=’L',j
= Tr [(CY, + Wiz Yw)el] + Wiz Tw)
+WixMwwixy'wl + o0 (6.7)
M N M
=Tr [(CY, + ANy ehf + K1) + H M| + o)
=3 (1e8 + x94T + o,
e:'v.j
where again M = U and N = D or vice versa, implying as a first possibility an up-type dineutrino
FCNC being connected to a LH down-type and the RH up-type FCNC with charged leptons. The
second case is a connection of down-type dineutrino FCNCs to LH up- and RH down-type charged
lepton FCNCs. This relation is independent of the PMNS rotation and holds up to O()\) corrections

induced by the CKM rotation, i.e. Eq. (6.7) is exact, in the limit Vi = 1. The reason why the
PMNS matrix drops out in Eq. (6.7) is threefold:

e W is unitary, WWT = 1.
o The trace is cyclic, Te(WTXXTW) = Te(WWT K XT).
e The SM obeys LFU, C’g\/{ = cgpr - 0;; and therefore commutes with any other matrix.

More details on the O()) corrections are compiled in App. G. The main feature of Eq. (6.7) is that it
is bidirectional. On the one hand information on charged dilepton couplings gives indirect bounds on
dineutrino branching ratios, on the other hand upper limits and measurements of dineutrino branching
ratios constrain charged lepton couplings. Hence, the direction in which the SU(2),-link can be
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6 Flavor tests with dineutrino modes in charm and beyond

exploited is a matter of the current experimental situation in the dineutrino and charged lepton sectors,
respectively.
Now, any differential branching ratio of a decay of the form h, — F,vv can be written as

dB(hq — Fq/VD) hoF,

AP =ay" (@) al, +ald (P a, (6.8)

where h, — F, is the transition of a hadron &, into a hadronic final state with flavor ¢" induced by the

FCNC q — ¢/, e.g. D° — " m~vv with h, = D and F,, = 77~ induced by a ¢ — u quark transition.
h,F . . . . . .

The factors a,” * only depend on form factors, masses, lifetimes and the dineutrino invariant mass

squared g2. We collect explicit expressions for numerous of these factors in App. E.4. The respective

branching ratios can be obtained after ¢ integration

_ hoF., .
B(hy — Fyv) = A" " a:;rq, + Ahat Ty s (6.9)
with
hoFy Gnax 5 haF, o
Al = dga” " (¢7). (6.10)

2
9min

We collect the factors Ai"F"/ along with the applied ¢? limits for integration in Tab. 6.1 and Tab. 6.2
for multiple ¢ — u, b — s and b — d induced modes as well as for the s — d induced mode K™ — ntuvw.
We also indicate whether or not a =background needs to be considered, which will be discussed
separately in the following sections. App. C contains details on form factors utilized for the integration
in Eq. (6.9).

As mentioned earlier, the direction in which the SU(2),-link Eq. (6.7) and results from Tab. 6.1
can be exploited depends on the available experimental input, which is why the following subsections
discuss applications for different flavor sectors separately.
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6.1 SU(2),-links in SMEFT

hy F
Table 6.1: Coefficients A" ¢ as in Eq. (6.9) with integration limits for various ¢ — u
induced modes. The necessity to take a 7background into account is indicated with a check

mark. We do not include any cuts in inclusive modes. We only provide central values.

hy F /s

h, — F, A AMaFy 1 background ¢, QPrax
[1078]  [10°8 [GeV?] [GeV?]
CcC— U

D% — 70 0.9 0 0 (Mmpo —mo0)?
Dt — 7t 3.6 0 v 034  (mps —m,.)?
Df — K+ 0.7 0 v 0.66  (mp: —mg:)?
D° — 7%7%  0.7-107% 021 0 (Mmpo —2m_o)?
DY - atr— 14-107% 041 0 (mpo —2m+)>
DY - Kt*K— 4.7-107% 0.004 0 (Mpo — 2m g+ )?
Aj; —>p+ 1.0 17 0 TnA;T —mp)2
E’ér —) E+ 18 35 O (m:‘+ - m2+)2
=0 30 0.3 0.6 0 (Mzo —Mx0)?
20— A0 0.1 0.3 0 (mgo —m 40)?
20— =9 1.7 3.3 0 (mgo —mzo)?
DY — X 2.2 2.2 0 m?

Dt — X 5.6 5.6 0 m?
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6 Flavor tests with dineutrino modes in charm and beyond

Table 6.2: Coefficients Aiq Far as in Eq. (6.9) with integration limits for various b — s, b —

d, s = d induced modes. Similar to Tab. 6.1, however taking into account uncertainties and
correlations induced by form factors.

h,F_,

h, — F, A Alaly 7background  ¢2., Q2 ox
[1078] [1078] [GeV?] [GeV?]
b—s
BY —» K° 516 + 68 0 0 (Mmpo — Mmpo)?
Bt - K* 558474 0 v 0 (mpe —mpe)?
B — K*0 200429 8884 108 0 (Mmpo — Mygeo)?
BY — K*T  217+32 961 +116 0 (mpe —mgei)?
BY — ¢ 184 +9 1110 £ 85 0 Mmpo —my)?
B - X, 18344193 18344193 0 (my —my)?
BY — X, 1978 £208 1978 4+ 208 0 (my, —m,)?
b—d
BY — 70 154 + 16 0 0 (Mmpgo —m.0)?
Bt =t 332 4 34 0 v 0 (mpe —m.)?
BY — p° 59 4 12 573 + 233 0 (mpo —m0)?
Bt = p* 126 +£26 1236 + 502 0 (mp: —m,.)?
BY — K° 383 4+ 74 0 0 (mpo — mpco)?
BY — K*0 153 4+ 9 891 + 86 0 (Mpgo — Mpeo0)?
BY — X, 1840+ 194 1840 + 194 0 (my, —my)?
BY — X, 19854209 1985 + 209 0 (my, — my)?
s—d
Kt -7t 68.0+1.9 0 0 (Mpee —m i )?
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6.2 Dineutrino possibilities in rare charm decays

6.2 Dineutrino possibilities in rare charm decays

In |Ac| = |Au| = 1 transitions the effective GIM cancellation also affects SM contributions to dineutrino
modes. More significantly, long-distance contributions via intermediate vector mesons as in Sec. 3.3.2 are
strongly suppressed, as they can only proceed via Z—boson exchange. Both long-distance contributions
of this type as well as short-distance effects are estimated to give branching ratios B(c — uvv) < 10715
[98], well beyond current experimental reach. Therefore, it is perfectly valid to drop SM contributions

Cad =0 Yij, (6.11)

in Egs. (6.5), (6.6) and (6.7). For the charged modes D" — ntww and D! — K'wvw however
contributions from intermediate 7 leptons need to be taken into account, since decays D™ — 77 v with
7t — P*rlead to the same final state as the dineutrino modes. These effects can be controlled with
appropriate cuts [264]

¢ > (m2 — m®)(m? —m2)/m? (6.12)

with either mp = mp., mp = m . or mp = mp., mp= Mg, see ¢2;, for these modes in Tab. 6.1.
After applying these cuts and in the light of Cshapter 5, rare charm dineutrino branching ratios
constitute further null tests, as any signal within current experimental reach clearly indicates BSM
physics. In this section, we provide even more motivation to study dineutrino modes, by investigating
opportunities to indirectly probe charged lepton flavor.

Searches for rare charm dineutrino modes are in an early stage and only a few experimental limits
exist. Recently, the BESIII collaboration reported an upper limit for B(D° — 7%vp) < 2.1 x 107* at
90 % C.L. [78]. This is the only available direct experimental input constraining ¢ — uvv couplings
and implies with Af ™ from Tab. 6.1

rl, < 2.3 x 104, (6.13)

cu ~

which is at least two orders of magnitude weaker than indirect limits placed later in this section. Due
to helicity suppression by two powers of neutrino mass, the upper limit B(D° — inv.) < 9.4 x 107° at
90 % C.L. [265] interpreted as D° — vi is of even less significance.

Since the direct bounds on ¢ — uvv are so poor we make use of the SU(2),-link Eq. (6.7) by placing
upper limits on z,, utilizing constraints on charged lepton couplings. We distinguish three flavor
benchmark scenarios. In the most general case LE'V couplings are allowed and the sum in Eq. (6.7)
runs over all charged lepton flavor combinations. The second benchmark is cLFC where only the
diagonal couplings ij = ee, pu, 77 exist and enter in the sum. The third benchmark is LFU, where
the diagonal couplings have to be identical and are constrained by the tightest, .e. the muon bound.
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6 Flavor tests with dineutrino modes in charm and beyond

Explicitly, the three coupling matrices in lepton flavor space can be written as

ke ke ke k., 0 0 k00

U,D U,D U,D

%L7R|genera1: keu ku ku‘r "%L7R|CLFC: 0 ku 0 ’jCL7R|LFU: 0k O : (614)
I 0 0 k& 00 k

Upper limits on these charged lepton couplings exist from measurements in semileptonic charm and
kaon data and from high—p; Drell-Yan searches, see Sec. 4.1 and App. G.

Within the different flavor assumptions in Eq. (6.14) we are able to give upper limits on z,, and
along with 27, < 2z, from Eq. (6.6) we calculate flavor specific upper limits for all rare charm
dineutrino branching ratios listed in Tab. 6.1. These limits are obtained in two different scenarios.
First, we use a unified framework and only include limits on four-fermion couplings from high-p;
Drell-Yan searches. In the second scenario we assume no large cancellations between LH and RH
couplings and include bounds from low-energy measurements, see App. G for details. Limits within
the first (the second) approach read

Ty = STht) <34 (S26), [LFU]
Ty, = S5+ xbl+ xT] <196 (S 156), [cLFC] (6.15)
Ty = T+ 2ol + 27T+ 2(zoh + 26T + 2hy) <716 (< 655). [general]

The resulting branching ratio limits for both scenarios are compiled in Tab. 6.3.
The main features of these results are the following

o A measurement above the respective bound implies the breakdown of the corresponding flavor
symmetry, e.g. a measurement 1.5x 1077 < B(D® — 7t 7~ vi) < 1.6 x 107 implies LFU violation,
whereas a measurement 3.5 x 1079 < B(D° — 7%w) < 13 x 107% indicates a violation of cLFC.
The absolute maxima listed in Tab. 6.3 correspond to limits within our framework, i.e. a violation
of these limits are only possible through BSM physics beyond our EFT, for instance in models
including light NP particles.

e The limits are data-driven and will evolve in the future. Clearly, already the two different
scenarios presented involving only Drell-Yan data or also including low-energy data (barring
cancellations) have a significant impact on the resulting limits.

o The only available limit to date from BESIII Ref. [78] is still two orders above limits presented
in Tab. 6.3.

e These upper limits in Tab. 6.3 hold, as long as no light RH neutrinos, nor lepton number violating
(LNV) contributions spoil our framework due to (pseudo-)scalar contributions, which is briefly
discussed in the following.

In the case of RH neutrinos, the operators in Eq. (2.33) also contribute to rare charm dineutrino
modes. While the contributions from further vector and axial vector contributions can remain
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6.2 Dineutrino possibilities in rare charm decays

Table 6.3: Upper limits on branching ratios in the LF'U scenario B{g, the cLFC scenario
BU and the general case B™** corresponding to Eq. (6.15), using Eq. (6.9) and Tab. 6.1
for various different rare charm dineutrino modes. The first three entries correspond to the
conservative ansatz only utilizing constraints from high—p; Drell-Yan searches. The last
three entries include low energy data assuming no large cancellations between LH and RH
Wilson coefficients, see main text and App. G for details.

h. — F, Brvy  Bare BT Bryy  Bare BM™
[10-7] [1079] [1079] [10-7] [1079] [1079]
DY — 79 6.1 3.5 13 0.5 2.8 12
Dt = «t 25 14 52 1.9 11 47
Df — Kt 4.6 2.6 9.6 0.3 2.1 8.8
DO — 7070 1.5 0.8 3.1 0.1 0.7 2.8
DY — rto— 2.8 1.6 5.9 0.2 1.3 5.4
D » KtK~ 0.03 0.02 0.06 0.002  0.01 0.06
Af — pt 18 11 39 1.4 8.4 35
Ef Xt 36 21 76 2.7 17 70
=9 - 30 6.2 3.6 1.3 0.5 2.9 12
=0 A0 2.7 1.5 5.6 0.2 1.2 5.1
20— =9 34 19 71 2.6 15 65
EF = X (= pr?) 19 11 39 1.4 8.8 36
29— A= pr) 1.7 1.0 3.6 0.1 0.8 3.3
29 — Z0(— A7) 34 19 71 2.6 15 65
DY - X 15 8.7 32 1.1 6.9 29
Dt —- X 38 22 80 2.9 17 74
D= X 18 10 38 1.4 8.3 35

sizable, it is possible to estimate effects from (pseudo-)scalar operators. The combination y,, =
>, ; (|C? —Cd'P+|Cp —CF 2) is constrained by the Belle upper limit B(D° — inv.) < 9.4 x 1075
at 90 % C.L. [265] interpreted as a purely leptonic dineutrino final state,

647> m?2 B(D® — inv.)

2 2.5 2
Gio2my, f5,mp

~67. (6.16)

Yeu =

Barring cancellation, this bound implies scalar and pseudoscalar contributions to semileptonic branching
ratios at the level of few x 1076 [4], which would spoil our indirect flavor probes presented in Tab. 6.3.
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6 Flavor tests with dineutrino modes in charm and beyond

Table 6.4: Charm fragmentation fractions f(c — h,) from Ref. [266] for different charmed
hadrons h, and their expected number, N(h,), at benchmarks with N(c¢) = 550 - 10°
(FCC-ce) and N(cé) = 65 - 10° (Belle II with 50ab ') [68].

h., flec—h,) N(h,) (FCC-ee) N(h,) (Belle II)

DO 0.59 6101 8.1010
D+ 0.24 3-10" 3100
DY 0.10 1-10M1 1-10%0
AF 0.06 71010 8-10°

c

On the other hand, these contributions become irrelevant within uncertainties, .e. roughly 10 % on
LFU upper limits using the high—p; limits (second column in Tab. 6.3), as soon as the bound on
B(DY — inv.) can be improved by roughly two orders of magnitude [4]. Similarly, the improved limit
would exclude large effects from LNV NP, which otherwise is possible as missing energy signatures do
not distinguish vv, vv and vv final states, see discussion in [4].

In App. G we provide differential distributions for rare charm dineutrino decay modes using the
flavor dependent limits in Eq. (6.15). Here, we know from our analyses with charged dileptons that
distributions can help to disentangle NP contributions, e.g. the difference between large scalar versus
vector contributions. In summary, the situation in rare charm dineutrino modes is very special. Any
observation of dineutrino modes implies NP to be present, and due to missing resonance contributions,
dineutrino branching ratios are clean null tests. Beyond that, charged lepton flavor can be tested
indirectly and binned measurements as well as the search for D° — inv. test for the existence of light
RH neutrinos.

To estimate the future potential of these (very) rare charm dineutrino modes, we investigate the
sensitivity for Belle IT with 50 ab™~ ! [64] and for the possible future collider FCC-ee running at the Z [68].
Tab. 6.4 contains fragmentation fractions f(c — h,) from Ref. [266] along with the estimated number
of various charm hadrons N(h,) = 2f(c — h,.)N(cc) produced at FCC-ee and Belle II, respectively.

We illustrate (future) experimental reach in Fig. 6.3. Here, we use that the relative statistical
uncertainty of a branching ratio measurement is given by

5B(h, = Fup) = 2Bthe = Ea) 1 (6.17)

B(h, — F,wv) /NeP ’

where N,." is the number of signal events and reads

NP = o N(h,) B(h, — F,u0), (6.18)

given the overall reconstruction efficiency 7,4. In Fig. 6.3 we plot 08 = 1/+/n.5 N(h,) B for N(h,) from
Tab. 6.4 and assuming two benchmarks for the efficiency 7, = 1, 1073, By doing so, the experimental
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6.2 Dineutrino possibilities in rare charm decays

sensitivity only depends on the number of available charmed hadrons . and not on the final state.
Fig. 6.3 also presents results from the first three columns of Tab. 6.3, i.e. the conservative bounds
using data from Drell-Yan searches only. The limits are given in different colors and the solid, dotted
and dashed lines correspond to the LFU, cLFC and general limit, respectively. The black dotted and
dashed lines illustrate the 30 (50) limits, which correspond to 68 = 1/3(1/5).

Fig. 6.3 demonstrates the possibilities to test charged lepton flavor in rare charm dineutrino modes.
A dedicated analysis of the expected efficiency 7.4 for Belle IT or the FCC-ee is desirable to estimate
the experimental reach, however the naive estimate of 7,4 ~ 1072 yields 50 discovery potential for
branching ratios as small as at least fewx107% at Belle II for D° and D" decays. For A, baryon
decays discovery potential is still possible at Belle II if branching ratios are not far below 107°. These
sensitivities probe most of the upper limits extracted via the SU(2),-link and presented in Tab. 6.3.
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Figure 6.3: The figure shows the plane of the relative statistical uncertainty of the branching
ratio 6B versus the branching ratio itself B for dineutrino decays of the D°, the DT and the
AY in the upper left, upper right and lower left, respectively. The lilac and green shaded areas
illustrate the maximal reach (1,4 = 1) for FCC-ee and Belle II, respectively, whereas the
solid tilted lines depict 7, = 1073. The dotted and dashed black horizontal lines correspond
to 30 (08 =1/3) and 50 (68 = 1/5), respectively. The vertical lines show upper limits
assuming LFU (solid), cLFC (dotted) and generic lepton flavor (dashed) for different modes,
given in Tab 6.3, where for each of the three lines corresponding to the same decay channel,
the lines are grouped together by a shaded band to improve the visibility in the plot.
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6.3 Opportunities with rare B—decays into dineutrinos

In this section, we exploit the implications of the general SU(2);-link for rare b-decays, including
b — s and b — d induced modes. The main difference to the charm sector is the existence of a
significant SM contribution, induced by the heavy top quark running in one-loop diagrams. We find
forqg=s,d
bqij .
CJLq, v = Vin Vig Xsm 0 (6.19)

iJ

with Xqy = —;HXZ(;C;E = —12.64 + 0.15 [267, 268], where X(z,) is a loop function depending on
T, = A’ng [269, 270]. Along with Ai"F"/ factors from Tab. 6.2 and the most stringent available upper

limits from B* — K+ v and B® — K**vi for b — s and BY — 7t v and BT — p* vi for b — d, we
are able to derive upper limits on the combinations :cgtq defined in Eq. (6.5),
:L‘b+s <29, x,,+02 J"b+s <20,

6.20
T, <42, x,+01z), <24, (6.20)

which include the SM contribution. We collect the SM prediction, based on the numerical evaluation in
Ref. [7] (and this work) and based on other available literature along with available experimental upper
limits, the upper limits derived within our EFT via Eq. (6.20), and the future expected sensitivity
with Belle II data for several b — s and b — d induced rare beauty dineutrino decays in Tab. 6.5.
Differences between SM predictions as in Ref. [7] and values from other available literature can be
explained by updated CKM values and form factor improvements.

Similar to the discussion in the previous section, one needs to take into account resonant backgrounds
in charged meson decays through mleptons, see check marks in Tab. 6.2. The long-distance decay chain
is given by BT — 77 (— P™v_)v, with PT = 7", K*. Different from similar effects in the charm sector,
it is not helpful to apply cuts, as applying Eq. (6.12) would exclude 83 % and 88 % of the available
phase space in BT — Ktuvr and Bt — 77up, respectively. Instead, we treat these backgrounds as
irreducible uncertainties and estimate their size via [278]

B(BT = P v v )p = GV Vi "S- - .
DT 198 w2, [T,

m(m —m2)2 (. —m2)? . (621)

where I . are the decay widths of the 7 and the B™-meson, while fp. and fp. refer to the decay
constants of the Bt and PT mesons, respectively. In agreement with Ref. [278] we find

Since interferences between long- and short-distance contributions are negligible [264], resonant
7backgrounds correspond to an additional uncertainty of 10 % on the SM value in BT — KTuw, but
yield branching ratios two orders of magnitude above the respective SM expectation in Bt — 7. We
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6 Flavor tests with dineutrino modes in charm and beyond

Table 6.5: SM predictions for branching ratios of rare beauty dineutrino modes evaluated
as in Ref. [7], as well as predictions available in the literature, current experimental limits at
90 % C.L., derived EFT limits using Egs. (6.20), and Belle II sensitivities for 5ab™" (50ab™ )
from Ref. [64] are displayed in the second to last column, respectively. * Marked limits serve
as input. See text for details.

SM, SM, Exp. limit Derived Belle 11
B—F, Ref. [7] literature (90% CL) EFT limits 5ab ' (50ab!)
[10-%] [10-8] [1079] [1079] %
BY — K© 391 + 52 460 + 50 [64] 26 [271] 15 -
Bt — K+ 423 + 56 460 + 50 [64] 16 [272] 162 30 (11) [64]
BY — K*0 824 + 99 960 + 90 [64] 18 [271] 18¢ 26 (9.6) [64]
Bt — K** 893 + 107 960 + 90 [64] 40 [273] 19 25 (9.3) [64]
BY — ¢ 981 + 69 1400 + 500 [274] 5400 [275] 23 -

B - X, (2843) x 102 (29+3) x 102 [276] 640 [277] 78 =
[

7
7

Bt — X, (30 + 3) x 102 (29 +3) x 102 [276] 640 [277] 84 -
BY — 7Y 5.4 4 0.6 7.3+0.7 [278] [271} 6 -
Bt — 7t 12+1 14 4+ 1 [278] 4 [271] 14¢ —~
BY — p° 22 +8 20 + 10 [274] [271] 14 —
Bt — p* 48 + 18 42 + 20 [274] 0 [271] 302 -
BY — K° 13+3 27 + 16 [274] -~ 26 -
BY — K*0 36 +3 - - 24 -
B - X, (1.3+£0.1)x10% (1.7 40.5) x 10? [274] — 114 —
Bt - X, (1.4+£01)x10% (1.740.5) x 10? [274] — 123 -

use the full available phase space for integration in both modes, but note that resonant —backgrounds
need to be taken into account as soon as future measurements in these modes become available.

Now, in order to connect rare beauty dineutrino modes to charged lepton couplings, we apply the
SU(2)-link, discussed in Sec. 6.1 and rewrite the combinations of dineutrino couplings as

+
Ty

_ Z lebsz]M + ‘%tClj + Kbszj‘ xétd _ Z ‘ebd'LjM + thuU + Kbdlj‘ (623)

1,J 1,5

where the sum runs over charged lepton flavors i, j = e, u, 7. We further factorize CKM matrix
elements as follows

1 17 «\—1 ct ct %\ — ut, ut, *\—
RE? = KgT - (VaViy) ™ o R = KT (V)T R = KT (V)T (6:24)
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We use Eq. (6.20), conservatively neglect xl‘:q in the second inequalities, since :Blfq > 0 and find

37 [ Xon 655+ K7 + k7" < 1.8 % 103, S [ Xon 655 + K1 + K097 < 5.8 x 101
%, 1,7
Z |X 5. + tcij bsij 2 < 3 tuij bdij 2 4 (625)
sm 0y + 577 — KRV < 1.3 % 10% Z|XSM5U+I€ k| < 3.3 x 10%,
2,J 1,5

for b — swvv and b — dvv transitions, respectively. Eq. (6.25) constrains charged lepton couplings
and results in the best available limits on RH couplings with flavor indices bdrT, bdet, as well as
bsTT, bser, bsut. Limits for all flavor combinations entering in Eq. (6.25) from dineutrinos, semileptonic
rare B-decays to charged leptons and Drell-Yan high—p, searches are collected in App. G along with
further details. The interplay of bounds from dineutrino modes on k RT and Drell-Yan data, boundlng
also quTT, allows to improve current experimental upper limits on branching ratios of b — q777~

induced modes, or even obtain novel ones. The current available upper limits at 90 % C.L. read [184]

BB — 7777)
B(BY — 11
B(BT — Ktrtr~

<1.6x1073,
<52x1073, (6.26)
<225 x 1073,

exp

Jexp

Jexp

whereas we obtain using flavio [279], neglecting effects from scalar and tensor operators, and considering

two couplings at a time with k;, ~2Cy ~ 2C;, and kp ~ 2Cy ~ 2C/, and varying signs of Wilson
coefficients to avoid large cancellations

B(By — 717) <5.0 x 1073,

B(B° — KO 7rr7r7)1522 < 7.8 x 1074,

B(BT — KTt )1%22l <84 x 1074,

B(B® — K777 )15 19 < 7.4 % 1074,

B(BT — K )15 19 <81 x 1074,

B(B, — ¢ )15188 < 6.8 x 1074,

(6.27)

well above their SM predictions

B(By — 77 )gq = (7.78 £0.31) x 1077,
B(B° — KOrtr )4y *? = (117 +0.12) x 1077,
BBt — K*tr+ 7) (15,22] — (1.26 +0.14) x 1077,
B(B® — K*Ortr )51 — (0.97 £ 0.10) x 107, (6.28)
B(B+ — K+ 7) 15 19] _ — (1.05+£0.11) x 107
= )

BB, — 7)o 8 = (0.90 +0.07) x 1077
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6 Flavor tests with dineutrino modes in charm and beyond

The superscripts in Egs. (6.27) and (6.28) correspond to the ¢?>-range in GeV? for the dilepton
invariant mass squared. These bins are chosen to remove the 9(25) resonance, while simultaneously
supporting the use of the OPE in 1/Q, Q = (m;,/q?) [280].

Similarly, we obtain the following upper limits for b — d 777~ transitions
B(B® - 1777) < 6.0x 1074,
B(BY — a0t )1522 <25 x 1077, (6.29)
B(Bt — ntrtr )52l <53 % 1075,
again, several orders above their respective SM predictions
B(B® = 7777 gy = (2.39 £ 0.24) x 1078,
B(B® — x> = (0.20 4 0.02) x 1078 (6.30)
B(B+ = wtrtr)i5% = (0.44 +£0.05) x 1075,

Belle IT is expected to place (projected) upper limits with 5ab™* (50ab ') on the branching ratios [64],
which read

< 81(—)x107°,
< 6.5(2.0) x 1075 , (6.31)
< 30(9.6) x 1079,

B(BY — 7777)
B(BT - Kt rt717)
B(B® — 7H77)

proj
proj

proj

and cover the regions (6.27), (6.29).

Another possibility to make use of the bidirectional SU(2);-link is to use stringent constraints on
b — sup and b — dup couplings to constrain dineutrino branching ratios assuming LFU. This is
achieved in the following manner.

In the LFU limit, the branching ratios for B — Vvr and B — Pvv decays can be written as

- _ 4BV .+ BV,
B(B = Vvv)py = AY Tperru T AZ Lpq,LFU >

where
P ' baup) 2
ag e = 3 [V V|- (XSM + R 4 Hé””) , (6.33)

with ¢" = u, (c) for ¢ = d, (s), respectively. In Eq. (6.33), the sum over lepton flavors i, j gave way to
the factor 3 and we particularize to the uu couplings, as these are constrained best.
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6.3 Opportunities with rare B—decays into dineutrinos

/
Now, we can solve B(B — Pvi); gy for k7 ** and obtain two solutions

, B(B — Pui
R = X — RO (B = Z”)LFU . (6.34)
3 Vi Vi~ ABP

These can be used to eliminate /@tLq/“ * from B(B — V) gy, leading to

2
B(B — VVV)LFU = ﬁ) B(B — PVV)LFU -+ 3A§V |‘/tb‘/tq| <\/ 3 "/tb‘/;* |2 AEP F 2H1§#ﬂ .
q
(6.35)
bgup

Eq. (6.35) allows to probe charged LFU with measurements of dineutrino modes, since x3"" is

constrained from global fits and small, see App. G, the correlation between B — P and B — V'is
dominated by form factor uncertainties entering in AfP(BV). We illustrate this indirect LFU test in
Fig. 6.4, split into b — svv induced modes in the left panel and b — dvv in the right panel. In the
upper left, we display the correlation between B(B° — K*9uv) and B(Bt — KTvi), whereas the
lower plot shows B(B? — K*9vw) versus B(BY — Kww). We use /f?;“” ~ 0.5 4+ 0.25 and display the
lo (20) LFU region as a red cone (dashed red lines). A measurement of the displayed modes, which
lies outside of this cone implies the violation of LFU, while a measurement insight the red region
does not necessarily imply LFU conservation. We display the SM prediction as a blue diamond with
uncertainties as bars, where we add 10 % uncertainty for B — K*vv from resonant 7backgrounds.
The irreducible background from B — 777 _ decays is indicated as a blue vertical line in the upper left
plot. The green region illustrates the validity of our EFT framework, i.e. a measurement outside the
green region implies missing degrees of freedom in our framework, for instance light RH neutrinos. The
gray hatched region are direct upper limits, while the light gray region displays the upper limit derived
within our framework and collected in Tab. 6.5. Again a measurement inside this light gray region
indicates NP outside of our EFT framework. The yellow boxes illustrate the projected experimental
sensitivity (10 % at the chosen point) of Belle IT with 50ab .

In the right panel, we project the B(B? — p°vir) ~B(B* — mtvw) plane (upper right plot) and
the B(BY — p°wv) ~B(B® — n%vw) plane (lower right plot) using nlg‘ﬁp ~ 0+ 4. We use inserts to
visualize the SM prediction. Note that for B™ — 7t vw the resonant 7background dominates effects
from the weak effective theory. Both lower plots, which show correlations between neutral B-decays,
are not affected by long-distance 7 contributions.

Similar to the analysis presented in the previous section, possible effects of (pseudo-)scalar operators,
which may arise in the presence of light RH neutrinos, can be estimated by available limits on
B(B, — wv) for ¢ = d, 5. For B — v an upper limit is available in [184] and reads

B(B® =)  <24x1075, (6.36)
exp

at 90 % C.L., while B? — v currently remains unconstrained. However, projections for Belle with
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Figure 6.4: The left panel of the figure is for b — s and the right panel for b — d transitions.
Upper left: B(B° — K*vp) versus B(Bt — K'wvw). We show SM predictions with
their uncertainties from Tab. 6.5 as a blue diamond with blue bars, respectively, where
the resonant 7—background is included as an additional 10 % uncertainty. The region on
the left of the solid blue line is dominated by pure resonant contributions. The dark red
region (dashed red lines) display the LFU region given by Eq. (6.35) where nl]}s" " and A,
have been scanned within their 1o (2 0) uncertainties. The validity of our EFT framework,
Eq. (6.20) is depicted as the light green region. Hatched gray bands correspond to the
current experimental 90% C.L. upper limits in Tab. 6.5. The widths of the yellow boxes
illustrate the projected experimental sensitivity of Belle IT with 50ab ™! in Tab. 6.5. Lower
left: Similar to the upper left plot, but for B(B® — K* vi) versus B(B — K°vv). There
is no resonant 7background, but in light gray we show the upper limit derived within our
EFT, see Tab. 6.5. Upper right: B(B° — p’vv) versus B(Bt — mtvi) with equivalent
labeling as in the upper left plot. The plot includes a zoom into the region around the
SM expectation. The 7background (solid blue line) is not included as an uncertainty in
Bt — 7t vw as it dominates the SM prediction by two orders of magnitude. Lower right:
Similar to upper right plot but for B(B® — p® ) versus B(B® — 70 v).



6.4 Dineutrino probes in other sectors and summary

0.12ab™ ! (Belle IT with 0.5ab™ ') exist [64],
B(By = w) <97 (L1)x107. (6.37)

We use the limit in Eq. (6.36) and the projections in Eq. (6.37) to constrain
bqij _ orbqij bgij _ orbqij
yquz (\C’S‘”—C’qu|2+|C’P‘”—€P“]2> ; (6.38)
,J
via

2 2,5 ¢2
Groaemp [5Tp

B(BY V) =
(B" =) 6473 m

Ung - (6.39)

Contributions from (axial) vector operators are helicity suppressed and negligible, (pseudo-)tensor
operators do not contribute. We find

Yoa < 0.3, Yps < 0.79(0.09) . (6.40)
Barring cancellations, these contributions imply
B(BY+ — g0t ) S 1.2 % 1077,
_\DProj _
B(B® — K° W)&P <11.4(1.3) x 1077, (6.41)
B(BT — K" uﬂ)gfjg <12.3(1.4) x 1077 .
The (projected) upper limits in Eq. (6.41) imply an ©O(100%) correction to the SM prediction for
b — dvv induced modes in Tab. 6.5 from (pseudo-)scalar contributions. Improving the existing upper
limit on B(B® — vv) to the level of ~ 5-10~7 or smaller would imply negligible percent-level corrections
to the SM predictions and reinforce the framework and results of this section. Similarly, the projected
reach in the decay B, — vv from Eq. (6.37) constrains S, P-contributions to b — s transitions to
be less than a 9(30%) (Belle with 0.12ab™ '), and a (3%) (Belle II with 0.5ab ') correction to the
SM branching ratios. Again, no signal in B(B, — vv) at the level of the latter case would imply

(pseudo-)scalar contributions to small to be observable in b — s dineutrino modes such as B — K v
within uncertainties.

6.4 Dineutrino probes in other sectors and summary

Due to the flavor inclusiveness of missing energy observables, the SU(2);-link in Eq. (6.2) is shown
to have useful implications for flavor probes of cufl, bséf and bdf¢ couplings. In rare charm decays,
dineutrino modes per se are interesting, due to the strong GIM suppression, which turn any observation
in the foreseeable future into a NP discovery. On top, the observed branching ratios can indicate
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6 Flavor tests with dineutrino modes in charm and beyond

the breakdown of charged lepton flavor assumptions, i.e. LF'U and cLFC. In the down-type sector,
correlations between rare b—decays into dineutrinos can be exploited by obtaining indirect bounds on
branching ratios for all possible modes, coming from experimental input, available for a few of those
modes. Furthermore, indirect bounds on rare b—decay modes involving ditaus in the final state are
also obtained, which are better than currently available experimental limits. The direct correlation
between a B — Pvv and a B — Vv mode can even test LFU, see Fig. 6.4. All of these studies rely on
experimental input and therefore improve in time. Here, the direction for the SU(2)-link, i.e. whether
experimental information on dineutrino modes constrains charged lepton couplings or vice versa, is
dictated by experimental constraints. Either upper limits of dineutrino branching ratios constrain
charged lepton couplings, or charged lepton couplings serve as input to upper limits on dineutrino
branching ratios.

Beyond the presented analyses, there are only a few FCNCs in the quark sector of the SM not
covered in this work in previous sections so far. In the down sector s — d transitions are already tightly

constrained. In fact, translating the current measurement B(K" — muw),, = (875) x 1071 [184]
into the 90% C.L. upper limit B(K+ — 7tww),,, < 1.7 x 10719 yields
wly =Y |0+ K+ K <25 x 107 (6.42)
2%

With @gf\l/[ = 0.0059 — 0.0017i [268] and assuming no large cancellations to be present, rare kaon
to dineutrino measurements imply in the LFU limit, i.e. assuming X§“*¢ = X" = X$“"" and
j(sdee _ K‘Sd/ﬁlﬁ _ j(‘sdﬂ'

rR —SHArR TAR

—0.015 < K K34 < 0.003, L=e,pu,T. (6.43)
Relaxing the LFU assumption, a single flavor diagonal coupling is constrained to be within
—0.019 < X7, Xf%d” < 0.007, (6.44)

where we assumed £¢ = 77 for concreteness. Finally, a single LF'V coupling is constrained to be bounded
as, e.9. X1°p = KX7g,

| Fsul || K39 | < 0.008, for L# L. (6.45)

These limits are used in the second scenario in Eq. (6.15) and also provide indirect guidance for future
global fits in semileptonic rare charm decays. The limits on X ‘i““/ are stronger than limits presented
in Sec. 4.1 and exclude scenarios with large NP contributions in Cy ~ —C', a scenario currently
preferred in global fits as a solution to the B—decay anomalies for b — supu couplings, see Table 9 and
10 in Ref. [7].

For the top sector the situation is somewhat different from the other sectors, as the top quark decays
before hadronization. However, qualitatively the same relations between charged lepton and dineutrino
couplings exist. CMS [281] already obtains upper limits on ey final states, corresponding to rare FCNC
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Figure 6.5: Feynman diagrams with semileptonic four-fermion operators at every red blob
involving qt¢¢’ or gtvv, and ¢ = u,c. The diagrams contribute to a)+b): single top plus
dileptons, or single top plus missing energy, c¢)-f): single top plus jet plus opposite sign
dileptons, or single top plus jet plus missing energy. For a lepton collider ¢)+d) are possible
with the gluon replaced by v, Z. Contribution g) only matters for lepton colliders, with £¢~
directly annihilating into tq.

top branching ratios

Bt »uetp +ue pt)y, <0135 %1076, Bt —cetp +ce pt),, <1.31x107°. (6.46)

ATLAS [282] also provides bounds on LFV modes involving taus at 95 % C.L.
Bt = q7(e, 1)) exp < 1.86 x 107°, g =u,c. (6.47)

Four-fermion operators for qté¢ or gtv with g = ¢, u also contribute to single top plus dileptons,
single top plus missing energy or single top plus jet plus opposite sign dileptons (missing energy)
signatures. At a possible future electron [68] or muon [67, 283, 284] collider, the ¢t¢¢ coupling can
be probed directly. Feynman diagrams for these contributions are illustrated in Fig. 6.5. Single top
production of these types are searched for at the LHC at least for the charged lepton couplings [281,
282, 285].

A detailed analysis of implications for the top sector is beyond the scope of this work. However, a
global SMEFT analysis will become crucial in the future to globally test flavor in the SM and beyond
and an overview of available limits on charged lepton couplings for all quark sectors is presented in
App. G.2, see Tab. G.3 for sd, cu, bs and bd and Tab. G.4 for tc and tu. The applications of the simple
SU(2);link already helped to exploit connections between different flavor sectors and since these type
of analyses are data-driven, they will evolve in the future.
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In this thesis we have studied rare charm FCNC transitions. In Chapters 2 and 3 we discussed SM Wilson
coefficients relevant for semileptonic rare charm decays in the framework of the WET and the SMEFT,
summarized in Sec. 2.3, as well as the SM phenomenology of exclusive rare charmed meson decays,
D® — ¢t¢~, D — P¢*¢~, and rare charmed baryon decays, By — By{*¢~ and By — B;(— Bym){T(~.
The main observations are the following.

Perturbative NNLLO SM contributions to rare charm Wilson coefficients are completely negligible for
phenomenological applications. Instead, ¢ — uf*¢~ induced modes are dominated by non-perturbative
effects, for which at present no reliable first-principle calculation is at hand. Therefore, we have
modeled effects from intermediate resonances in a simple phenomenological ansatz fit to data, which
induces sizable hadronic uncertainties, see Eq. (3.11), resulting differential branching ratios in orange
in Figs. 3.2 and 3.3, as well as branching ratio estimates in Tab. 3.2 and Eq. (3.23).

Furthermore, we have shown in Chapter 4 that a sizable model-independent BSM parameter space
is still unconstrained and we have discussed contributions induced in LQ—- and flavorful, anomaly-free
Z’-models. Despite the resonance dominance in branching ratios, we have demonstrated in Chapter 5
how the available BSM parameter space is tested in clean null-test observables. These are based on
angular distributions and (approximate) symmetries of the SM, such as CP—conservation, LFU and
cLFC. The main findings are summarized as follows, see also Sec. 5.5:

e Angular analysis exploits complementarity between contributions induced by different combina-
tions of Wilson coefficients and between meson and baryon decays. Upper limits on D° — ¢4~
and angular observables in D — P¢1{~ test (pseudo-)scalar and (pseudo-)tensor Wilson coeffi-
cients and four angular observables from three- and four-body rare charm baryon decays, F7,
Ay, AL and AZL suffice to qualitatively disentangle NP contributions to the Wilson coefficients
Cg/), C{ and C%). This summarizes results presented in Figs. 5.2, 5.4, 5.5, 5.6, 5.7 and 5.8 and is
discussed in Sec. 5.1.5.

e CP-asymmetries are resonance-enhanced and thus probe new sources of CP—violation in the
resonance regions. Measurements of these CP—asymmetries in semileptonic rare charm decays
might also help to interpret the NP nature of AAqp, which quantifies the difference of direct
CP-asymmetries of the decays D° — K+ K~ and D° — 77—, see Sec. 5.2.

e Direct probes of accidental SM lepton flavor symmetries, such as LFU and cLFC, are possible
via ratios of branching fractions of rare charm decays into muons over electrons, Eq. (5.37), and
searches for LF'V decay modes, respectively. These clean null tests yield probes of the flavor
structure realized in nature and complement similar searches in rare b — s€¢\") transitions.

Chapter 6 globally investigates the interplay of dineutrino modes with charged lepton FCNC couplings
via an SU(2);-link implied by LO contributions from SMEFT operators. Rare charm dineutrino
modes are null tests of the SM due to the efficient GIM mechanism. In addition, Sec. 6.2 discloses the
predictive power of the SU(2);-link. Upper limits on dineutrino branching ratios presented in Tab. 6.3
have been shown to indirectly probe LFU and cLFC and are suitable for current and future colliders,
as illustrated in Fig. 6.3. These types of probes have even been proved to be useful beyond charm in
other quark flavor sectors in Secs. 6.3 and 6.4. For rare B-decays, Fig. 6.4 shows the correlation of
B — Pvv and B — Vv, which constitutes an indirect test of LFU, complementary to direct probes
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in ratios of branching fractions, which currently point towards the breakdown of LFU. Furthermore,
indirect upper limits on semileptonic branching ratios involving 7’s have been obtained from upper
limits on rare semileptonic dineutrino branching ratios of B—mesons. As for the other sectors, we
have shown that rare kaon decays to dineutrinos strongly constrain LH charm couplings and future
flavor probes of FCNC four-fermion operators involving top quarks are possible at current and future
colliders, see Fig. 6.5 and discussion in Sec. 6.4.

By and large, rare charm decays offer the unique possibility to perform flavor tests of the SM with
up-type FCNCs with present data. Alas, they are subject to a severe resonance dominance, which
hinders reliable access to weak SM contributions and BSM physics in simple observables such as
branching ratios. As we have demonstrated, null-test observables are able to overcome precisely this
resonance dominance, with plenty of possibilities in angular distributions alone, and enriched with
observables based on (approximate) symmetries of the SM, such as CP—conservation, LFU and cLFC.
Systematically performing these types of tests in all quark and lepton flavor sectors of the SM allows
to reveal the origin of flavor.

With upcoming experimental updates of D® — ¢t¢~ Dt — 7¢*¢~ A, — plT¢~ ahead, where at
least the latter two call for imminent detection, and with the recently published angular analyses of
DY — rfr putp~ and D° — KTK~p*p~ at hand, the future experimental physics program for rare
charm decays is excitingly gaining speed. The inclusion of polarization studies of A, and triggers for
more exotic rare charm baryon modes, including decays of =, =9 and 29, into future experimental
programs is desirable. On the other hand, the results presented in this thesis and new data on
D° — rtn ptp~ and D° — KT K~ ptp~ call for further theoretical studies and a first global fit of
¢ — uwlt¢~ Wilson coefficients.

To conclude this thesis, we note that the status of rare charm decays strongly benefits from the joint
effort of experiment and theory now and in future, and rare charm decays have the potential to yield
deeper and unique insights both into non-perturbative QCD dynamics and the NP nature of flavor in
the up-quark sector.
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This appendix collects numerical values used as input throughout the thesis. Input for form factors
and decay constants is discussed separately in App. C. Unless stated otherwise we provide upper limits
at 90 % C.L. and add uncertainties o; in quadrature, 0 = /) _ 02. Parameters are given within their
68 % C.L. region or only their central value whenever the numerical effect of the respective uncertainty
is negligible. We further assume uncertainties to be uniformly distributed. We take experimental
information on particle masses and total widths from [184], with I" = g and 7 the associated average
lifetime, and the reduced Planck constant # = 6.582119569 - 10725 GeV - s.

mo = 0.1349768 GeV , T = (843 +£0.13) x 107175,
m,.. = 0.13957039 GeV , 7.0 = (2.6033 + 0.0005) x 1085,
m,, = 0.54782 GeV , I, =(1.31+£0.05) keV,
m,. = 0.77526 GeV , I, = (149.1 4+ 0.8) MeV
m o = 0.77526 GeV Iy = (147.440.8) MeV
m,, = 0.78266 GeV , I, =(8.6840.13) MeV,
m,, = 0.95778 GeV I,y = (0.188 + 0.006) MeV
my = 1.019461 GeV Iy = (4.249 + 0.013) MeV
Mo = 0.497611 GeV | Tre, = (8.954 £0.004) x 107,
i, = (5.116 +0.021) x 10~®s,
M. = 0.493677 GeV, Trer = (1.238 4 0.002) x 1085, (A1)
mgo. = 0.89555 GeV I'io. = (47.3 £0.5) MeV
My = 0.89167 GeV Tyero = (51.4 4 0.8) MeV
mpo = 1.86484 GeV, Tpo = (4.101 £ 0.015) x 107135,

mp. = 1.86966 GeV,

Tpe = (1.040 4 0.007) x 10712,
Tp: = (5.04 £0.04) x 107 s,

Mmpo = 5.27965 GeV, Tho = (1.519 + 0.004) x 107125,
mp. = 5.27934 GeV, Tpe = (1.638 £ 0.004) x 10725,
mBg = 5.36688 GeV, TB(S) — (152 + 006) % 10712 s,

m, = 0.000511 GeV ,
m,, = 0.106 GeV,
m,_ = 1.777GeV .
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For baryon masses and lifetimes, we use

m ;e = (2.28646 £ 0.00014) GeV Tpr = (2,024 £0.031) x 107",
mz: = (246771 £ 0.00023) GeV Tz = (4.56 £0.05) x 10735,
Mmzo = (2.47044 £ 0.00028) GeV Tzo = (1.53 £0.06) x 107 "%,
mgo = (2.6952 + 0.0017) GeV Too = (2.68 £ 0.26) x 107135,

(A.2)
m, = 0.938272 GeV ,

= (1.18937 + 0.00007) GeV
= (1.192642 + 0.000024) GeV

m o = (1.115683 + 0.000006) GeV
= (1.3149 + 0.0002) GeV .

M=o

For the calculation of the Wilson coefficients in Sec. 2.2.1 and App. B the following input has been used

my(m,) = (162.5531) GeV my,(my,) = (4.1875.03) GeV,
m, = 91.19 GeV , m.(m,.) = (1.27 £ 0.02) GeV,
My = 80.4 GeV m,(2GeV) = (0.0935155) GeV,
(A.3)
a,(my) =0.1182 + 0.0012, Gp=1.1663787 x 1075 GeV 2,
o, = 7.29735257 x 1073, sin? Oy, (m4) = 0.23121.
Note that input in App. B taken from Ref. [86] uses the following pole masses for the quarks
my =485GeV, m,=147GeV, m,;=013GeV, m, ,~0. (A.4)

The running of «, is handled with RUNDEC [286] and m(p) denotes an MS mass.

The elements of the CKM matrix are obtained via the Wolfenstein parametrization as in Eq. (2.10).
We follow Ref. [184] and use the most recent fit result of the CKMfitter group, see Ref. [287] and
updates at http://ckmfitter.in2p3.fr

A = 0.22483710:000251 ' A = 0.8235+0:009 (A.5)
= 0.156979:9102 7 = 0.3499°3:0065 - '

Another fit result is available from the UTfit collaboration, see Ref. [288] and updates at http:
//www.utfit.org.

For the calculation of a,; parameters in Secs. 3.3.2 and 3.4, we use the following branching ratios
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A Parameters and experimental input

from Ref. [184]

B(D* — 7n) = (3.77 £ 0.09) x 1073, B(DY — 77077) (6.34+0.6) x 1074,

B(D" = 7tn’) = (497 £0.19) x 1073,  B(D° — 7%') = (9.2 £1.0) x 1074,

B(DT = 7p) = (8.3 +£1.5) x 1074, B(D® — 7¥p) = (3.86 £ 0.23) x 1073,

B(D* — 7tw) = (2.8 £0.6) x 1074, B(D? — mw) = (1.17 £ 0.35) x 107,

B(Dt — 7t 5.6 40.2) x 1073,

(D" 79) = ( ) (A6)

B(Df — K*tn) = (1.60 £ 0.11) x 1073, Bn—ptp)=(5.8+£0.8) x107°,
B(Df — K*n/) = (2.65 £ 0.25) x 1073, B(p — pu~) = (4.55+0.28) x 1075,
B(Df — KTp) =(2.5+£0.4) x 1073, Blw— ptp™)=(74+1.8) x 1075,
B(Df — KTw) = (8.7+2.5) x 1074, B(p— ptp~) =(2.86+0.19) x 107%.

For B(n" — p" ) the branching ratio is not measured yet. In Ref. [289] the authors even propose to
measure it via investigations of rare charm decays. We follow Ref. [290] and estimate from unitarity

n = y7) 2\/57 x In {1+V1_4B}~10—7, (A.7)

with g = mi/m%, and B(n" — vvy) = (2.307 £ 0.033) % [184]. Eq. (A.7) evaluated for n yields
B(n — ptp~) ~ 4.4 x 1075 in good agreement with the direct measurement, see Eq. (A.6). The
estimate in Eq. (A.7) also agrees with Refs. [289, 291].

In addition, we can use [184]

B(n" — pp) ~ B(

B(D® = 70¢(— K*K™)) = (6.6 +0.4) x 1074,
B(DY — Ktp(— K*K™)) = (8.8 £2.0) x 1072,

and

B(D — Pp(— KTK™))

B(D — P¢) = B0 KK ,

B(p — K+K~) = (0.492 + 0.005) . (A.9)

And similarly for the baryons [184]

B(AL — pn) = (1.24 £0.3) x 1073, B(AF = pw) = (8+1) x 1074 [292],
B(AL — pn’) = (473 +0.98) x 1074 [187],  B(Af — pg) = (1.06 + 0.14) x 1073, (A.10)
B(E? — A%) = (4.9+1.5) x 1074,

where the 1" and w have recently been updated by the Belle collaboration [187, 292] and are not yet
included in Ref. [184].
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In this appendix, we provide further input explicit expressions for the calculation of C?ff and C’gﬁ in
Eq. (2.25). First, we display in Tabs. B.1, B.2 and B.3 the individual numerical values for Wilson
coeflicients C’ij (w) including the charm scale variation with (i) = (0), (1), (2) and j € [1, 10], where
the separation and notation into LO, NLO and NNLO contribution follows Eq. (2.22).

Table B.1: LO SM Wilson coefficients CN'J(-O> (u) for j € [1, 10]. In the first three columns we

display the values obtained for the three different choices of the charm mass scale p = v/2m,,
p = m, and u = m,/v/2. The last column gives the central value and symmetrized
uncertainty and is used as an input to further calculations, see main text.

p=v2m, p=m. p=m/ vz G £ AC/
Co(u) —0.84817 —1.04210 —1.31824  —1.04 + 024
() 106571 1.00488  1.14274 109 + 0.04
() —0.00150 —0.00384  —0.00893 —0.0038 £ 0.0037
Cyp)  —0.03607 —0.06246  —0.10564 0.06 + 0.04
() 000004  0.00037  0.00085  0.00037 £ 0.00041
() 000020 000077 0.00185  0.00077 £ 0.00078
Co(p) 000000 000000  0.00000 0+ 0
() 0.00000  0.00000  0.00000 0 + 0
() —0.00233  —0.00303 —0.00206 —0.0030 £ 0.0003
Cio() 000000 0.00000  0.00000 0 + 0

Table B.2: Same as Tab. B.1, but for NLO: QZ—(:)CN;I)(M) for j € [1, 10].

p=vV2m, p=m, p=m/V2 (C; = AC)- Y
él(u) 0.27648 0.32393 0.40323 0.324 + 0.063
() —0.03895  —0.05609 —0.08814  —0.056 -+ 0.025
~3(M) —0.00111  —0.00258 —0.00600 —0.0026 4+ 0.0024
C,(p)  —0.02228 —0.03201  —0.05426 0.032 + 0.016
N5(u) 0.00000 0.00004 0.00016 0.00004 4 0.00008
NG(M) —0.00023  —0.00020 0.00026 —0.0002 4+ 0.0003
67(M) 0.00194 0.00364 0.00677 0.0036 + 0.0024
NS(M) —0.00112  —0.00206 —0.00383 —0.002 + 0.0014
Ng(u) —0.00416  —0.00651 —0.01059 —0.0065 4 0.0032
Ciolp) 0.00000 0.00000 0.00000 0 + 0
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B Details on Standard Model Wilson coefficients at the charm scale

Table B.3: Same as Tab. B.1, but for NNLO: %% %) (1) for j € [1, 10].

(4m)?

p=V2m, p=m, p=m/V2 (G + ACP). «y
Cy(p) 0.05582 0.07794 0.12482 0.078 + 0.035
(72(#) —0.00108 —0.00390 —0.01150 —0.0039 4+ 0.0052
63(u) —0.00112 —0.00199 —0.00351 —0.0020 4+ 0.0012
64(u) 0.00003 —0.00087 —0.00504 —0.00087 + 0.0025
55(#) 0.00007 0.00010 0.00011 0.00010 4+ 0.00002
66(/1,) 0.00013 0.00034 0.00100 0.00034 4 0.00043
@(M) 0.00010 0.00018 0.00034 0.00018 4+ 0.00012
éS(u) —0.00015 —0.00033 —0.00080 —0.00033 4 0.0003
(jg(u) —0.00185 —0.00376 —0.00787 —0.0038 4+ 0.0030
Ciolp) 0.00000 0.00000 0.00000 0 + 0

In Sec. 2.2.1 we discussed the SM contributions to the phenomenological basis, which can compactly
be encoded in

4 € € S
C;,HQ = Eﬂ- [ c*dV dC i ( 2) + ‘/c*svus C " )< )] . (Bl)
We now follow Ref. [166] and give explicit expressions for the effective coefficients C;ﬂéq), where the

results of Tabs. B.1, B.2 and B.3 can be used as an input. We use the notation C’ (0)+) CZ(O) + ajl—gf)égl)
and analogous for other orders in agreement with Eq. (2.22). Note that entries in Tabs. B.1, B.2

and B.3 already include the factors & 4: >, such that C~£O)+(1) is obtained as the sum of the entries for

éi in Tab. B.1 and B.2. Utilizing this notation one obtains

(0+1)
eff 0+1+2 ~ 160 ~
@ (g2) = G0 47T 303+9(J4+ 3(]5 . 6y
(B.2)
Oés 2 1 ~(0 ~(0 7 7 .
* (E> (‘gq '+ G, )> Fy)(m2,¢%) + F (m2,¢%) C§"
off _ (A(0)+(1) ~0) 1 s ~0) 10 )
CS = CS + 03 - 604 + 20 05 — 306 R (B3)
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0 (g2) = G2 4 G| 26 4 26— Gy -
+ L(m2, %) (29863 704
+ L(m3, ¢%) <—§é3 ?65
4+ L(0,¢) (19663 22Ci+

+ (045 L(m3, ¢%) + 6,44L(0, ¢

(07

2
Gs 9, 2 2y A(0)
+< 7r> [F (mz,q%) C}

4 1,9

128 ~ 512 ~

2704 9 5 7706
304 ~ 256 ~
5 Ot 7706>
184 ~ 256 - (B.4)
-5 G +7706)
3 9 (0+1)
) (_Ecl — §CQ>

+Fyy(m2, ) G+ B (. q?) C5

The various ¢* depending functions appearing in Egs. (B.2), (B.3) and (B.4) are defined as [166]

1+\/17x

; _ (2m)?
5 1 n —ir =201 <1
L(m?,¢*) = §+ln pe +$—2(2+3:)|1—:c|1/2{ VIE _ (om)? ;
m? 2tan~ [\/ﬁ] T= s > 1 (B.5)
2
L(0,q?) zg—l—lngzc—i—iw,
and F{"(m2,¢%) = F"(p = ¢*/m?), F"(m2,¢%) = F{" (p = ¢*/m?) from [166, 293] with
1) 87° (24+p) 8(11—16p+8p*) 16/pyv4d— P
F, = - 9—5p+2 Y-
i Tk e et i e U A L
32 (2+p) 2 VP 16 p 32, u: 16,
7 arcsin® ——— — — ——In———im,
1672 (4 — 6 32 Vi— '
FS(Q)(p) _ 7T ( 10) 7( pg o p 5 (4+3p_p2) arcsin@
21 I=p)* 9 (1=p) 9 p(l—p) 2
64 (4—p) 2P 32 1
arcsin® + — Inp.
3 (1—p) 2 9(-p)

For the functions F1( q), F2(9q and F, q)

which we implement in a python script.

we use supplementary files of Ref. [86], where fits are provided,
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In this appendix, we collect numerical values and additional information on form factors and decay
constants utilized throughout this thesis.

Decay constants are calculated in LQCD with averaged values presented in recent dedicated re-
views [294, 295]. These results are in agreement with averages provided in [184] and read

fr=(130.2+1.2) MeV fp=(2120+£0.7)MeV,  fz=(190.0+ 1.3) MeV,

C.1
o = (155.7 £ 0.3) MeV, for = (249.9 £ 0.5)MeV,  fgo = (230.0 4 1.3) MeV . (€1

In Eq. (C.1) f,., fp and fp are valid in the isospin symmetric limit and are thus used for the charged
and the neutral pion, D-meson and B-meson, respectively, see discussion in Ref. [184] and references
therein. We discussed form factor input for D*(© — 7% and Df — K transitions in Sec. 3.3.1
based on results in Refs. [179, 180]. We also use input from the same references for f;, in the D — K
transition for fitting the SM decay amplitude D° — K+ K, see App. D.3. It is parametrized as

FPR) = JEPRO) + R (=) (14 2070 (c2)

For completeness we collect numerical values for the form factor parameters taken from Refs. [179,
180],

D=m(0) = 0.6117 + 0.0354, ¢Pom = 198540347,  PP7™=(0.1314 4 0.127) GeV >,
D=m(0) = 0.6117 £ 0.0354 , D7 =—1.188+0.256, PP =(0.0342 £ 0.122) GeV 2,
D=7(0) = 0.5063 + 0.0786 , P27 =—1.10 4+ 1.03, PP=™ = (0.1461 4 0.681) GeV 2.
D=K(0) = 0.7647 + 0.0308 , 7K = —2.084 +0.283,

(C.3)

Note that covariance matrices are given in Refs. [179, 180] and included in our analyses.

Similarly, the baryon form factors for the A, — p transition can be inferred from Ref. [103]. Here,
the helicity-based definition is used and reads

(p(k, s,)[urtclA.(p, s4,)) =

B q" my +m, q"
U, (k, s,) | fo(q?) (Mg, —my) 72 +£(q?) s, (pu R = (my, — mp)q2> (C.4)
2m 2m
+f1(¢4%) (7" e k“)] Uy (Ps 84, s
Sy Sy
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<p(k7 Sp)’ﬂ’}/#ﬁyt’)c‘/lc(pv SAC>> =
H my —m

7 q .
—,(k, 5,)75 |90(¢%) (my_+my) 2 +9,.(4%) 87’) (p“ +k— (my — mp>q2>

2m 2m
+9,(4%) (7“ P

S

(p(k, s,)[uic" q,c|A.(p, s4_)) =
2

_ q q"
—,(k, s,) [h+(912>8+ (p“ + k—(m% — m§>7>

A,
+hy (¢*)(my +m,,) (’Y“ — —Lpk— : k“)] Uy (Ps 8a) s

<p<k7 sp)|ﬂic7'“”qy’y5c|/lc(p, SAC)> =
= ¢ q"
(0 sy [ 020 (1 0 G, =) )

~ 2m 2mA
+hy (¢*)(my —m,) (’Y“ At e k”)] uy (prsy)-

— S_
(C.7)
The following endpoint relations hold for these form factors
fo(0) = £.(0),
o 91 (Gas) = 94 (GRias)
90(0) = 9,(0), s e a2 g (C8)
7 hL(Qmax) = h+(Qmax)
hy(0)=nh(0),
The third relation at ¢ = 0 between the dipole form factors h |, 7IL follows from "~y = —i/2e“”°‘50aﬂ,

and is in agreement with [248, 296], where, however, different form factor parametrizations are
employed. Although this relation is missing in the fit in [103], the relation is numerically satisfied
within uncertainties A, (0) = 0.511 £+ 0.027, h, (0) = 0.51 £ 0.05.

Again, numerical values and correlation matrices for form factor parameters are given in [103] and
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C Form factors and decay constants

Table C.1: mgole masses and quantum numbers of the D—mesons producing poles for
different form factors. Table taken from [103].

f IV ml . [GeV]
f+7 fJ_7 h+7 hJ_ 1~ 2.010
Jo ot 2.351
g+7 g, h+, hL ]-+ 2.423
9 0~ 1.870
2.51 I h, 4 i }”L+
b / 1501 o 1
I
J /‘ [ .
=0 ; }l P 1.25 == g,
w - = Jo
Z 1.5 - T
<= ~ < 1.00 P
3 /7 g / <3 %
101 = 0.75 —
0.5 0.50
0.0 0.5 1.0 1.5 00 05 10 TE
q2 [GeVQ] q2 [Ge\/?]

Figure C.1: The A, — p form factors from LQCD [103] with 1o uncertainties split into
hy,hy, fi, fi, fointheleft plotand h, b, g,, g, go in the right plot, see text for details.

supplemented files, using the following z-expansion

:\/t+_q2—\/t+_to (C.9)
Vie =@+ =1t '

needs to be picked differently for

2
fi(d) ! S d @, AP
n=0

L—2/(m])?

with ¢, = (mp +m,)? and ¢, = (my, — m,)?. The value of mgole
each form factor according to Tab. C.1.

Resulting form factors are shown in Fig. C.1. In addition, we use the same input for rare charm
baryon decays other than the A, with the following modifications

o Replacements of masses in the definitions of the form factors Egs. (C.4)-(C.7) and t, in the
z-expansion in Eq. (C.9) are understood.

o We use flavor symmetries to employ the A, — p form factors to all other modes. Here, we use that
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any uc-type current conserves U-spin and violates isospin by |AI| = . Then = — X is related

by U-spin to A, — p, £ — X receives an additional % factor with respect to = — X7, due
to isospin and again from U-spin Z0 — X9 and 20 — A9 are related with a relative factor of
% [297, 298]. Only the 29 — =0 is not connected to the other modes, as it sits in another
multiplet. As pointed out already in Sec. 3.4, the decays =7 — X /T¢T and Z/° — AY/T(~ are
also possible rare charm baryon decays and are connected to the 29 decay via flavor symmetries.
They are, however, not studied here, as their lifetimes remain unknown. Due to the lack of
further input we assume the same form factors for 29 — =9 as for A, — p. In summary, we use
for any of the ten form factors f;(q¢?),g;(¢*),i = +, L,0 and hj(qz),’izj(qz),j = -+, L, commonly

denoted as fp _,p,

fa—p=Tfeiome = \/Efsgazo = \/6ng%/10 ~ foo_,=0- (C.10)

For further details on these flavor relations we refer to Ref. [112].

 We explicitly checked that available predictions for f=zo_, xo from Table 9 of [189] are consistent
with our framework within 30 % flavor breaking.

o We use the same flavor factors as in Eq. (C.10) in the calculation of the resonance parameters a,,
in Tab. 3.3, i.e. we estimate branching ratios of the form B(B, — ByM) with M = p, w, ¢, n, n’
assuming two-body phase space and a single dominant decay amplitude, which we take to be the
same as for B(A, — pM) except for the correction factor from flavor symmetries.

In Sec. 6.2 the aforementioned form factors and decay constants are also used. In addition, for
D% — P, P, transitions, transversity form factors are needed. These can be expressed in terms of three
heavy hadron chiral perturbation theory (HHxPT) form factors w, and h, as [88, 299]

Nnr wi
7= 2 [m++p2 (o, — iy WA= (1, — 2 =920\, cosepl}],

(C.11)

e N, q> Gra, VAA

T=Nu )‘Pﬁw—’ Fi= 2 Mh’ Nm:277r4mD mepw

where A = \(m%, ¢2, p?), Ap = A(p?, mp , mp, ) and
9 Ip mp 7 fp 1

w, =422 _ "D h=2< 22 . C.12
T2 f vepp +A 2 fp (v-pp +A)(v-p+A) (C12)
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C Form factors and decay constants

We further use A = (mp.0 —mpo), g = 0.570 £ 0.006 [300] and the dot products

1 2 2 2 2 5 9 4m?31
V- Dpp, :4m (mD*q +p°) — )\(mD,q ,p?) [ 1— 5 COSHP1 ,
¥ P (C.13)
op "D EP
2mp '

Again an isospin factors of 1/4/2 is understood to be multiplied to the form factors for each 7° in the
final state, 4.e. with the statistical factor for identical particles, the D° — 797%v mode receives an
overall suppression by 1/2 with respect to D° — 7" 7~ vw in the isospin limit.

In Sec. 6.3 several form factors are needed for b — ¢ transitions with ¢ = d, s. Here, we write any
form factor, denoted by F as [142]

_ Vi =@ =/t 1

V@

) = >l ) 0] L (e

(C.14)

with t, = (mp £mpy)® and ty =t (1 —+/1—t_/t,). Again, mp_represents the mass of the first
sub-threshold resonance compatible with the quantum numbers of the form factor & and we use the
values of mp_ given in Refs. [142, 144]. Refs. [142, 144] both perform simultaneous fits of LCSR and

LQCD data and central values for ag) as well as uncertainties and correlation matrices for each form
factor F are given in supplemented files.

For the B — 7 tensor form factor no lattice results were included in Ref. [144]. A update for all
three B — 7 form factors including LQCD and LCSR is given in Ref. [301], however not used here
as the tensor form factor does not contribute to dineutrino observables. For B — p a simultaneous
fit of LQCD and LCSR is also missing in Refs. [142, 144]. We perform a fit using LCSR input from
Ref. [144] and available LQCD data from the SPQcdR [302] and UKQCD [303] collaborations. We
refer to Ref. [7] and ancillary files for further details and fit results.
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This appendix extends the framework discussed in Sec. 4.3. We discuss anomaly cancellation conditions
in App. D.1. The calculation of constraints from D" — D’ mixing is outlined in App. D.2. We
further provide supplementing details on the calculation of Z’—contributions to AAqp and other
CP-asymmetries in hadronic decays in App. D.3. Finally, App. D.4 also presents a figure similar to
Fig. 5.14, but for different charge assignments, i.e. different solutions to anomaly cancellation conditions
from Tab. D.1.

D.1 Anomaly cancellation conditions

Anomaly-free Z’—extensions of the SM with generation-dependent U(1)’—charges F,, for quarks and
leptons ¥ = Q,u,d, L,e,v are built in the following way. SM fields have representations under
SU(3)ex SU(2), xU(1)y x U(1)

Qi ~ (3,2,1/6,Fy), wu;~(3,1,2/3,F,), d~(31,-1/3,F,),

(D.1)
Li~(1,2,-1/2,F,), e ~(1,1,-1,F,), v,~(1,1,0,F,),

where we allow three RH neutrinos v as SM singlets, however charged under U(1)". The charges I,
are subject to constraints from gauge anomaly cancellation conditions, see Ref. [244] for an introduction
and Refs. [238, 243, 304-306] for recent phenomenological applications. Following [304], the anomaly
cancellation conditions read:

-

S
Il
it

SU(3)2 x U(1): (2Fy, —F, —Fy) =0,

-

-
Il
it

SU(2)2 x U(1): (3Fg, + Fp,) =0,

U(1)2 X U(1)p: (Fq, +3Fy, —8F, —2F; —GF, ) =0,

(D.2)

M 114

S
I
—_

(GFQi +2F, —3F, —3F, —F, —F, ) =0,

V.

gauge-gravity:

U(L)y x UL)R

-

-
I
=

(F3, = P, =280 + Fi + %) = 0,

-

S
I
—_

U(1)3 - (6ng +2F) —3F} —3F} — F? —ng) —0.

Note that RH neutrinos only enter in the gauge gravity and the U(1)}3 conditions as they are SM

singlets. This results in six conditions for either 15 BSM charges with the SM particle content or
18 BSM charges when RH neutrinos are added. We note the following features of the conditions in
Eq. (D.2), see [304] and references therein for details.

« We assume that all U(1)"—charges are rational numbers F, € Q.
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D Details on anomaly-free flavorful Z’—models

Table D.1: Sample solutions of the anomaly cancellation conditions from Eq. (D.2) in U(1)’
extensions of the SM+3vp. Solutions 4 and 7 have non-zero RH neutrinos, such that for all
other models the SM particle content is sufficient. The ordering of generation dependent
charges for each fermion species is arbitrary. Models 2, 4, 5 allow for Fy, = Fg,, models 9
and 10 even have Iy = F, =0.

sol. # Fo, F,, Fy, Fy, F., F,
1 -4 -2 6 -2 1 1 0 0 0 -8 3 5 -3 -3 6 0o 0 O
2 -6 3 3 -8 4 4 -10 0 10 -6 1 5 0 0 0 0 0 O
3 -20 7 8 -29 3 6 -19 40 25 0 6 9 3 13 14 0 0 O
4 -1 -1 2 -1 -1 2 0 0 0 -1 0 1 -2 0 2 -2 -1 3
5 -1 -1 2 -1 -1 2 -1 -1 2 -1 0 1 -1 0 1 0 0 O
6 -10 2 6 -13 2 3 -11 2 13 -6 3 9 2 4 6 0o 0 O
7 1 1 1 1 1 1 1 1 1 -3 -3 -3 -3 -3 -3 -3 -3 -3
8 -15 6 7 14 2 4 =259 20 24 11 19 1 3 8 0 0 O
9 0 0 0 -11 -2 13 77 -14 -8 3 5 -6 16 -10 0 0 0
10 0 0 0 -13 6 7 -1 -14 15 -15 15 0 -14 18 4 0 0 O

o Any solution of Eq. (D.2) can be rescaled by any rational number k € @, Fy — kF,, Yy €
{Q;,u;,d;, L;,e;,v;}, while simultaneously rescaling the U(1)” gauge coupling. Solutions connected
via this rescaling invariance are in the same equivalence class.

 Due to the first two arguments, we assume integer solutions F, € Z without loss of generality.
o Within each species ¢ any solution has a permutation invariance of the generation indices.

Concrete solutions of the non-linear conditions in Eq. (D.2) are obtained using computational
algebraic geometry and performing a Grobner basis computation [305] with Mathematica and analytical
expressions for the charges le. The aim of the search for solutions is to obtain large ¢ — u FCNCs,

i.e. solutions with Fy # I and/or F,, # F, and consistent with p° D’ mixing constraints, see
the next section.

In Tab. D.1 we present solutions to the anomaly cancellation conditions. Due to the permutation
invariance, the ordering of generations within each fermion species is arbitrary. Solutions 4 and 7 are
also discussed in Ref. [304] and are the only solutions with non-vanishing charges for RH neutrinos
considered in this work. Solutions 1 and 4 share the feature F; = 0 for all three generations, therefore
avoiding RH down-type FCNCs. Solutions 2, 4, 5, 9 and 10 are investigated in Sec. 5.2.3, because at
least two of the three F, ’s are equal, such that AF; = Fy, — Fp, = 0 can be fulfilled. Among these
only solution 4 then avoids down-type FCNCs without further assumptions, as F 4, = 0. In solution 7
only generation-independent couplings exist, which implies the absence of Z’—induced FCNCs at tree
level. Sizable RG coefficients are induced in models with large U(1)’—charges. However, the study of
the UV-—properties of these models is beyond the scope of this work.

LThis procedure is part of the research work of Rigo Bause, published in Refs. [1, 2] and will be discussed in detail in his
PhD thesis.
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D.2 Constraints from D° — D" mixing

In general Z’-models induce FCNCs via gauge to mass basis rotations. Four of these rotations are
possible, for both LH and RH up-type and down-type quarks. The LH rotations necessarily need to
reproduce the CKM matrix, which yields to either CKM-like contributions in the up- or the down-sector
for LH quark currents, depending on assuming the CKM matrix to predominantly stem from up- or
down-type rotations. In principle effects could also be split and scenarios where the mixing between
second and third generation is due to down-type rotations and the mixing between first and second
generation due to up-type rotations. A detailed investigation of these possibilities, however, is beyond
the scope of this work.

D.2 Constraints from D’ — D" mixing

Constraints from charm meson mixing are severe for Z’—models, as they are generated on tree level.
We discuss these constraints in detail. The D°~D" transition amplitude can be written as
i

Jp—
<DO‘%§fC_2’D ) = My — 5

F12 ’ (D3)

which is then parametrized in terms of the three physical quantities, see also Eq. (3.26)

| M| 11| M
w12:2¢, Y12 = ;27 12 = arg ?122 . (D.4)

x5 and y,4 are CP—conserving, while ¢, quantifies CP—violation in mixing. The most general global
fit from the HFLAV collaboration [176] results in the 95% C.L. ranges

T15 € [0.314,0.503]% ,  yyp € [0.495, 0.715]% , ¢y € [—1.2°, 2.4°] . (D.5)

Since the SM predictions for the mixing parameters are not sufficiently controlled, we require the NP
contributions to saturate the current world averages (D.5),

NP NP i NP :
Ty S Tqg L1y SiNPry < TypSin Py (D.6)

We compute constraints from the current world average of the D — D’ mixing parameter x, [176],
which is obtained assuming no sub-leading amplitudes in indirect CP—violation, see [176] for details

zHP = (4.09 + 0.048) x 1073 . (D.7)
Zp is obtained as

AmDO 2 |M12| 2 1
T = = =
b FDO FDO FDO 2mD0

—9, =0
(DO|H 52D . (D.8)
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D Details on anomaly-free flavorful Z’—models

Here, H 5= = 3~ ¢;Q; and [100]

=(u ’YMCL>(UL7”CL) (up JWCL)@RUWCL>»

(? Yucn)Wryter), = (UrVucr)(UrY"cR) (DY)
= (upcg)(uger), = (upcg)(Urcr),

= (uger,)(uger), = (upo,,cr) (UL cg).

Tree-level matching of the Z’~model at the scale p = M, induces the following AC = 2 Wilson
coeflicients (g, = ¢7¢ and g = g}°)

gz 91 9r 9k
¢ (My) = M2, Co(Myr) = M2 co(Mzr) = M2 (D.10)
z' z z

The operator ()5 is induced radiatively and therefore taken into account. At the scale =3 GeV the
Z’'—contribution is given as [100, 101]

/ 1
o) = T [ 1y e (Mgr) (Q1) + /1 ¢2(Mgr) (Qa)
DomDO
) (D.11)
+ 5 eo(Mp) (VT =) (Q3) + 1 (M) (Q0) |
with the renormalization factor
. (as<MZ,>)2” (as<mt>>6/23 <a5<mb>)6/25 (0.12)
1= ’ :
as(mt> as<mb) Qg (lu’>
and the hadronic matrix elements computed at © = 3 GeV [307]
(@) = 0.0805(55) = (Qg),  (Qy) =—0.2070(142),  (Qs) = 0.2747(129). (D.13)
Writing Eq. (D.11) with Z’-model parameters one arrives at
7 _ (@) 91 +9%— X998, (D.14)
D 2 FDO mpo M%/ ’ ‘
where we define
2 -
X =2 (V@) + 5 (V=) (@) (@)™ (0.15)
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D.2 Constraints from D° — D" mixing

This exactly coincides with Eq. (4.18) and we find X = 19.2, 24.0, 26.2 for M, = 1,5,10 TeV,
respectively. In order to investigation the possibility of cancellations in Eq. (4.18), we further simplify

X 4
= — |1 1—— 1. D.1
l9r| = |ggl 5 ( =/ ).’2) (D.16)

In this scenario the mixed contribution Xg; g exactly cancels the term g2 + g% and the bound from
po—D° mixing becomes irrelevant. We investigate this possibility by employing 4/X? <« 1, which
along with the symmetry in L <+ R yields the following two scenarios

1
gL ~ Xgp or gp=~ j(QRa (D.17)

which we refer to as LH dominated and RH dominated, respectively. Note that we put “~” to highlight
the following. In Eq. (D.17) no perfect cancellation is achieved, rather one obtains

91+ 9% — XgL9r < 7,
9. =Xgr = 9<%, g%<X?% (LH dominated), (D.18)
gr=Xg, = ¢3<%, g¢g%<X?7 (RH dominated),

exp 2
where, T = 27D I;’f?@n:f’o Mz This implies that the larger coupling can be enhanced by one factor of X

with respect to a scenario of a single coupling, which is bounded by |g; / rl < VZ. However, Eq. (D.16)
yields an exact cancellation, such that the allowed size of the coupling depends on the level of fine tuning.
This can be seen using the Taylor expansion of Eq. (D.16) |g.| ~ [gg| (X — % — 55 + O(X ®)). Using
more terms of this expansion instead of Eq. (D.17) yields the following bounds for g,

= 1
9ol < X2VE for g, = (X_X) IR
(D.19)
p 1 1
]gL\SX:)’\/:; for g¢g; = (X_X_F> IR -

As corrections of higher powers in X are negligible with respect to running effects in the numerical
evaluation of X itself, due to the unknown Z’—mass, we will use the approximation in Eq. (D.17) and

—=0
assume perfect cancellation of the D° — D" mixing bound.

Experimental constraints on CP-violation in D° — D’ mixing, z,,8in ¢, < 2 x 1074, are stronger
than (D.7) by about ~ 0.04 [176, 308]. Further, a cancellation of the mixing bound is only possible
when the phases in ¢g; and gy are aligned Arg(g;) = Arg(gp), see Sec. 5.2.3 and App. D.3 for an
analysis of CP—violating effects in Z’-models.
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D Details on anomaly-free flavorful Z’—models

Table D.2: Branching ratio measurements [184] and ap—parameters from Eq. (D.20) for
different two-body hadronic D-meson decay modes.

mode BR (mode) ap

D’ — KTK~  (4.084+0.06) x 1073 1.19 +0.04
DY — wtr~ (1453 4£0.024) x 1073 0.94 £ 0.07
DO — 7970 (8.26 +0.25) x 107%  0.71 £0.05
Dt — 707t (1.247 £ 0.033) x 1073 0.77 + 0.05

D.3 Details on Z —contributions to CP—asymmetries in hadronic charm
decays

We derive Egs. (5.29), (5.32) and (5.34). First, we fit the modulus of the SM decay amplitudes to data
on branching ratios [184] given in Tab. D.2. We use [309]

BR(D—>PP):7‘AP’2 L S =1pApa @(nﬂ —m3) fi’ 7P (mp) f
142 167rmD mQD D> P PPP\/i D P/ JO P/ JP>

(D.20)

with P = m, 7% 7', K, A\, = Ay and A = A\, and 1, = 1,0 = nx = 1, whereas 1, = 1/v/2 and 7’

corresponds to the D — 7 7% channel, and 7% to D — 7970,

Tab D.2 collects resulting values of ap > 0, which include U-spin breaking effects within the SM.

The second step is the extension of the effective Hamiltonian with further operators. Due to
the generation-dependent quark-couplings proportional to F), charges, additional operators in the
effective weak Hamiltonian beyond the ones considered usually, i.e. Ref. [310], are needed. At the scale
my, < < Hy,

cl= G 7 X7
ﬂ‘§'13£2ﬂ)Q§>+h.c., (D.21)
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D.3 Details on Z’—contributions to CP—asymmetries in hadronic charm decays

with the new operators

Qr = (uc)y_» Z wid, (@D via s Q; = (Ue)yya ZFQZ. (A9)v-a,
q
Qs = (a aCa)v— AZ wid, (4390 via s Q4 = (a, g V+AZFQ (2590)v—-a
Qo = (1ic)y_4 ZFQ (@) v-a Q= (ic)ys 4 Z Dvias D22
q
@10 = (UpCs)y_a ZFQi (259a)v-a > Qm = (UaCs)vsa Z a4, (4390)via -
q

where (V' + A) refers to the Dirac structures v, (1 +75), ¢ = u,¢,d, s,b and «, 3 are the color indices.

Within the Z’-model, the matching conditions at the NP scale read

\/i ue 94

Cr (My) =Cy (M) =

=9 )
Gp’t 4M2,
7(MZ’>: 9<MZ/) GFQUC M;/a

These contributions are evolved from M, to m, and finite values of C’8/ and ClO arise from the RG
mixing at the charm mass scale.

The anomalous dimension matrix at LO in «, for the operators 57,879710 can be inferred from
Ref. [161] and reads

2 -6 0 0
0 —16 0 0
0 __
P10 0 -2 6 (D-24)
0 0 6 -2

Since QCD conserves parity, v% is identical for @Z and @; Using Eq. (D.24), the Wilson coefficients
are evolved to the charm scale, integrating out degrees of freedom at the (Z’,t, b)-scales,

C(n) = Uy(p, my) Us(my,, my) Ug(my, Myr) C(My)
where ﬁf(ml,mQ) = My(my) Ug(my,my) and Uy(my,m,) is the evolution matrix from scale my, to

scale m; in an EFT with f active flavors; M is the threshold matrix that matches the two effective
theories with f —1 and f active flavors. At LO in ay, the M, matrices are equal to the identity matrix.
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D Details on anomaly-free flavorful Z’—models

For p =m, and M, = 6TeV, one finds

CV(m.) = 08290 (M),

OV (m,) = 122487 (M) +4.502CY) (M) .25
Oy (m.) = 14048 (M) — 0.7118 CLg (M) | '
Ol (m,) = —0.718 Cy (M) + 1404 Cf) (M)

The last missing ingredient is the evaluation of hadronic matrix elements. Here, we employ factoriza-
tion of currents, P = m, K,

(PYP7|Q; D% = (P*|(q, I 42) 10) (P~| (g3 2 q4) D), (D.26)

where Q; = (q; I q2) (g3 I q4) is any 4-quark operator from Eq. (D.22) and I 5 represent possible
Dirac and color structures while g; denote quarks. After employing Fierz identities in the flavor and
color space, we find for D° — KT K~ and 77~ decays

~ 1 ~ ~ 1 ~
<Q7>K,7r = Nic <Q8>K77r ) <Q9>K,7r - ]\TC <Q10>K,7r ) (D.27)
(Qs)k,x = Fu,,a, Xrc (1) <Q?d>K,ﬁ ) (Qio)rr=Fo, 0, (Qi’dh(,n )

where (...)p = (PTP7|..|D°%), Q7 = (up)y_a(pc)y_a and xj .(p) are chiral enhancement factors
generated by (V — A) x (V + A) operators,

2 M2
me () mg(pe)

2 M2
L i ) (D2

Xk(p) =

We find x g (m,) ~ 3.626 and x,.(m,) = 3.655 at the charm mass scale. For the @ operators the same
relations hold but with the proper exchange of charges F(y « F, .

For Dt — 727" decays we find

(@) = Nlc<©’8>ﬁ/ , (@) = Nlc<~g>ﬂ/ — 0,
@) = ijg” (Fy — Fy) Q1) @y = Nlc @ro)w - (D.20)
@) = A}C@m»/ 0, (@ro) = jiual ~E ) (@)
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D.3 Details on Z’—contributions to CP—asymmetries in hadronic charm decays

Finally, for D° — 797 decays we obtain

~ I~ Y _ 1 7 _

<Q7>TK’0 = N70 <Q8>7r0 ) <Q7>7r0 - Nic <Q8>7r0 =0 )

~ ~ 1 ~

@ =25, )@ @l = 3 @i (.30
~ 1 ~ ~

Qowo = - (Quodwo =0, (@iobas = 3 (Fuy — Fa) (@),

Again, our notation is (...) ., = (x*a°[..|D"), (...) ;0 = (x°x°[...|D°) and (...), = (qq|...| D"). We have
employed the isospin limit, m,, = m, and e = 0, since these induce isospin breaking in the SM, however
negligible with respect to NP isospin breaking, induced by F,, ;. o. #+0.

All hadronic matrix elements are now related to the dominant SM contributions (Q‘?d) K> Which
we have fixed to experiment, see Eq. (D.20). This yields for the NP contribution to AAqp

2 AR ok sk ARe -
|AARE| ~ T 7 Sinoyp sindxp +—_— sinéfp sindfp | , (D.31)
s af —— e O ——
-1 el

where the relative sign of A; and A; is used, we assume maximally strong phase differences and the NP
weak phase is also fixed to ¢yp = 5 to avoid D — D° mixing bounds, see discussion in Sec. 5.2.3. The
af with P = K, 7 are given in Tab. D.2 and

~ Xk Fa ~, Xk Fo ~ Q ~, Fa,
A = C7 2+ 07 NC . +CSXKFd +CsXKFQ + Cy 2 —i-Cg —l—C’lOFQ +C oFa,
~ Xa Ly, Xz Fo F ,
AﬁP:C'Y N +C N +C8X7TFd +C8XTI'FQ +09N1+09 +C10FQ +C
c c

(D. 32)

Since the Wilson coefficients in Eq. (D.32) need to be evaluated at the charm mass scale, contributions
from Eq. (D.23) are evolved down to this scale as previously discussed. Finally, we find contributions of
the Z’—models to hadronic CP-asymmetries via the compactly written Egs. (5.29), (5.32) and (5.34),
with the following parameters

Y 1
CK:lrl(mcv MZ/)a dK:7r2(m MZ/>’
ag Ok
X 1
Cr = _ajr ry(me, My), dr = —a ro(me, My, (D-33)
1 1
dﬂf = — rz(mm MZ’)? dﬂO = - TZ(m ) MZ’)
aw/ a o
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D Details on anomaly-free flavorful Z’—models

0.0 02 04 06 08 1.0 12 14 0.0 02 04 06 08 1.0 12 1.4
AFp-10° AFp-10°

Figure D.1: Similar to Fig. 5.14 in Sec. 5.2.3, but for Z’-models 5 (left) and 9 (right).

where, again, the ap factors are taken from Tab. D.2 and the following RG factors enter

R 2RY/2 —R!

1 (m ro(Mme, My ) = m )
F s

(D.34)

with

12

a!(m,) ol (m,)

D.4 Parameter space for further Z'—-model solutions

In Sec. 5.2.3 Fig. 5.14 displays the available parameter space for models 2 and 10 along with bands
illustrating increasing contributions to AAxp. We show similar plots for models 5 (left) and model
9 (right) in Fig. D.1. Here, model 5 still is a viable candidate to evade constraints from mixing (red
region), the perturbativity and direct search limit (black band) and constraints from semileptonic rare
D—decays (pink, dash-dotted line, too weak to be displayed in the left plot). Model 9 is constructed
to have no charges to any LH quark doublet, similar to model 10. In these models isospin, U—spin
breaking effects can be pronounced and larger contributions to rare semileptonic decays are induced.
Similar to model 10, model 9 is not a viable candidate to simultaneously have AA%IIE ~ 1073, while
evading the displayed bounds. Both models were presented as viable candidates in Ref. [2], however
both mixing bound and limits from rare semileptonic charm decays have improved and exclude these
models.
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In this appendix, we collect the full dependence on Wilson coefficients, form factors and kinematic
factors of several differential distributions and further observables used throughout the thesis. First,
we give results for D — P¢*¢~ in App. E.1, followed by results for the three- and four-body baryon
modes in Apps. E.2 and E.3. Here, we just display the results compactly, whereas we discuss the
helicity formalism utilized to obtain these results separately in App. F. Finally, App. E.4 provides

h,F.,
explicit expressions for a,” * factors utilized in Chapter 6.

El D— Piti-

In Agreement with Refs. [90, 166, 177], the double differential decay distribution of D — P{1{~
neglecting the up-quark mass can be written as

G%a? “boair £ (App—122)
204875m3, ) dg?du PP

:CQ+C7

2m, & 2
mp+mp f,
4’m§

+|Chol? [(U2 App — u? >f++7(mD mp)? fo}

q
+[ICs*v* + |Cpl?] W(mQD —mp)?f§
C
2

ANCH2 4+ [Cone | q 2.2
[|Cr? + |Crps ] ]7(”10"‘7”13)2 TU

2m, f .
+4Re{<cg+czn%r+mPfT)cg]nf(mD m%) fo [y u
+ c

+8Re[C1(Crslmy (mp —mp) fo fru

(E.1)

2 mp—m
FARe (C4Of+ OpCs) T8 g

2m fr my
_AMe T ) o | ey
+8Re [<09+C7mz)+mpf+) CT:| mp + mp pplifr
2
my

m
+4Re [C1,CF #(m% —mp)?f§ + 16 |Crf? (m mp)? ApplF,

(&

where
u=—cosby\/Appl, (E.2)

. 4m2 _
and, again, App = m} +mb+q* —2m% m%L—2m2 ¢*> —2m%q¢® and B, = /1 — ;ZZ. For D — P(t¢
all Wilson coeflicients C;, with the exception of the tensor ones, are understood as

C, = Cy+Cl. (E.3)
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E Distributions and Observables

The ¢? differential distribution is obtained by integrating u, where 6, is constrained by —1 < cos @, < 1.
We find, again in agreement with Refs. [90, 166, 177]

ar
d¢? 10247r5 VApp S f{
2m fT 2m?
2len Lo 2me 1+ —£ ) Appf?
3 9 T [Frr— ( + P2 prl3

+ ‘010‘2[ B Appft +

2

q

+[ICs87 + |Cpl?] — (md, —m) f§ (E4)
m

C»D\Hk
<
N
N

[Cr? + |Crs?] B7 m/\Dpr

2
+8Re [(09 + C7meT) C’fr’] LPADPf+fT

mD+mPf+ mD+m

L m m?
+4Re[C,CFl mfi(m% —m%)? f§ + 16 |CT|2<TnD+€7nP>2)‘DPf72“} .

In the LFV case we neglect the electron mass and find for D — Pe*p™

dI'(D — Petu™) G%a? \/—{
= - A (IKo[? + [K1o]?) X(mBb, mP., ¢*) 2
dg? 102475m3, D 4+

q
+ (K> + |Kp|?) 2 (m}, —mp)* fg

2

4 q
(K2 + | Kops |2) —— A pf2 (E.5)
+3(| 7l° + [ Krs| )( o mp)? prfT

MRe [LK K5 + KoK b 2 (m3 — m3)? 2
+ 2Re [+ K K5 + Ky P]m(mD mp)*fo

(&

+ 4Re [K9K§k“ + KlOK}B]

My 2
—_—A O
mp + mp DPf+fT} + (m“) s

where K, = Kg“e) + nge) for D — Petp~ and K, = Kl(eu) + K;(eu) for D — Pe p*
E.2 B, — B+

For the three-body baryon decays we find the following double differential decay width

d*r
dg?d cosb,

3
=3 (Klss sin® 0, + K. cos? 0, + K. cos&e) , (E.6)
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E.2 By — B0~

with the following ¢2-dependent angular coefficients

1
Klss — q2ﬂ§ (§U11+22 + L11+22> +4m§ (Ull —|—L11 + 522) ,

Ky.= @BUMN22 4 am2 (UM 4+ L1 4 §22) | (E.7)

K. = —2q2,8€P12,

where we follow the notation of Ref. [296] and discuss the coefficients U, L, S in detail in App. F. They
are quadratic expressions of helicity amplitudes. Here, we only give the result, which is in agreement
with [296, 311] and [249]. We keep finite lepton masses and consider the operators O,, Oy, Oy, as
well as their primed counterparts from Eq. (2.24)

/ 2mc /
U't = 4N? [ (C7 +C7) qT(mBO +mp )by +(Cy+Cy) fo| ~s_
2
/ 2Tn‘c 7 /
H(Cr =€) 2, —mp ) B+ (Co =€) g, ]
11 2N2 / / 2
L —qT (C7+C7>2mch++(09+09> <mBO+mBl>f+ - S_
2
H(Cy = €3y 2m, Ty + (o — C) (mg, — mi, ) g } ,
_ 2 2
U?> =4N?- | |(Cyo+Cfp) fu| s+ ‘(Clo—C{OML '5+] ; (E.8)
22 2N2 [ ’ ? / 2
L= = 7 (Cio +Clp) (mp, +mp) fr| ~s_+ |(Cig—Cip) (mp, —mp ) g.| sy,
22 2N2 [ ’ ? ’ ?
5% = 2 1 [(Cro + Clo) (mBO - mBl) fo| - 54+ |(Cio— C1p) (mBO + mBl) Jo| ~5—|>

/ % Ny e 7
P = —8N?. | Re((C; — C7) (Cfy + CTp)) qT(mBO —mp, ) fLh,

/ * /% mc
+Re((C7 +C7) (C1p — C1p)) p» (mp, +mp ) g hy

+R(CoCiy ~ CiCi) 0. 1. | Vs

Note that in Eq. (E.7) the notation U122 = U1 4+ U?2 and likewise for L''*22 is used. The factor
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N? is a global normalization and reads

N?=

GFa2Bi A3, m2, ¢?)

9l11,.5,,3
3-2Hmomy

c

(E.9)

As apparent from Eq. (E.8), the index 1 refers to dipole and vector operators, whereas the index 2
indicates the axial vector contributions.

For LFV decays the angular observables are given by

Ky = 2(my —my )02 ST+ 2(my +my)?v? 5%
+ 2¢%02 LY + 2¢%0% L2
P+ (mg + g 02 UM 4 (608 + (mg — g 20}) U,
Koo = 2(my —my )02 81+ 2(my +my )P0 572 (E.10)
+ 2(my + my )22 LM + 2(my — my)?0? L?2
+2¢202 UM +2¢02 U2,
K,.= —4¢*v,v_P"?,

where the same hadronic helicity amplitudes as for the lepton flavor conserving decays can be used
with the appropriate replacement of Wilson coefficients ng/,)m with LFV Wilson coefficients Ké/,>10'
Contributions with Cél) need to be skipped, since the photon only couples to opposite sign same flavor

(mytm,)?

lepton pairs. Also, we use v, = /1 — Z

E.3 B, = By(— Bym){ti~

For the (quasi-)four-body baryon decays we have to extend the angular distribution and find

a‘r 3 .
dg*d cos 0,d cos 0, dg 8 (K sin® 0y + Ky cos® 0y + Ky, costy)

+ (Ky,, sin 0, + K., cos?0, + K,, cosf,)cosb,

(E.11)
+ (K3, sinf, cos 0, + K4, sinf,)sin 6, sin ¢

+ (K, sinf,cosl, + K, sin6,)sinf,_cos |,

with the ¢?>-dependent coefficients K, again in the notation of [296]. Note, although we adapt
the notation of helicity expressions [ i’}ém/,i =1,2,3,4 from [296], we use them to formulate angular
observables in a notation similar to [311]. Note that we dropped the subscript P from Ime’v Ignm/ since
these two interference terms are parity-even. The first three terms K., K. and K, are equivalent
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E.3 By — By(— Bym){t(~

to the three-body case, see Eq. (E.7), except for the additional factor B(B; — B,7),

Klss 2 12 (1 11
Spii+22 L11+22> am2 (UM 4 [T 4§22

B(B, — Byn) AT + +dm (UY + L1+ 5%)

chc 2227711

— U +22 4 2 Ull Lll 522 .

B(B, — Byr) ¢ h +dmy (UM + L1+ 5%) (E.12)

ch
__“le = _ _9423,P12.
B(B, — Byr) P

The remaining additional angular coefficients read

B(B, fgﬂ) L @P”m + L#””) +dmj (P! + LY + SF)
B(B, If?m o= CHPT 4 dAmi (P A LE +57)
B(B(BfECBQW) o = AU,
B<B<BlKiSCBm o = T2VRAFLT, (E.13)
B(B, fggﬂ') a 4\[2(125[]‘33’
e = AR,
B(B, i{%ﬂ) o= WP

The ¢*-dependent terms U, L, S, P, Lp, Sp denote quadratic expressions of helicity amplitudes and
correspond to unpolarized transverse, longitudinal, scalar, transverse parity-odd, longitudinal parity-
odd and scalar parity-odd contributions, respectively. The coefficients I, p, I,p and I,, I3 correspond
to longitudinal-transverse interference terms, where the subscript P refers to the parity-odd ones. We
refer to App. F for further details. As already mentioned, there is an additional branching ratio factor
in the coefficients K, K., and K, compared to Eq. (E.7). For all other coefficients there is the
polarization parameter « on top, such that in the limit B(B; — B,y7) = 1 and o = 0 one returns to the
distribution of the three-body case. Also, the coefficients in Eq. (E.8) are still valid in the four-body
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case and the additional coefficients are given as

AN?
LY = _q2.Re[((c7 +C3) 2mh, + (Cy + Cg) (mp, + m31>f+)

((C; — C;’)2mjl+ +(Cy —Cg') (mp, — mBl)ng)] /515,

/ 2mc /
Pll = —8N2Re[<(C7 + 07) thL(mBO +mBl) + (09 + Cg) fL)

2m

((07 — ) 2, (g, — mp,) + (G — c;’m)] A

22 AN? | 2 /12 2 2
Ly :7?' (IC1ol* = C1ol )f+9+<mB0*mBl) VIS

P22 — 8N |(1Chol? — [Clol?) ngL} A

[ /7 * */ 2mC
U'? = 4N?. (Re((C7 + C7)(Cio + C10)) fJ_hJ_qT(mBO +mpg,)

+Re((Cy + GG)(Cio + Cig) 17 -5
/ * */ 7 2mc
+ | Re((C7 = C7)(Cfp — C1p)) thLqTOnBO —mp,)
+Re((Cy — GG)(Cio — Cig) ) -5

S¥ = _qT‘ [ (IC0l* = ICToI?) fogo(m2}30 - m%)} TS5
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Finally, the interference terms are given by

2 , ., am? - ~
1= Nﬂqu{Re«cy—caxc;+c;>>q2-(h+hxm30+nu%>—h+hgmgo—nn%»
+ Re((Cy — C9)(C5 + CY)) - (g+fL<mB0 —mpg ) — fi9.(mp, + mBl))
/7 *x/ m2B0 _m2Bl
+Re((Cy — )G+ O 2m - (g, h T g,

2 2
/7 * */ 7 7 mBO mBl
HM@rCM%+%D%M<Mﬁ—LM(ﬁ)}'%S,

2 /
Ifp= N? \/ qu [(|C10|2 — G - (ngJr(mBo - mBl) - f+gL<mB0 + mB1>) IRVANT .
11 o |2 I\ (v » (mBO +m31)2
12 = QmCN qu Im((CQ + 09><C7 + C7 )) . th-Q— — f+h’L —q2 S

, X » = =~ (mBO - mBl)2
—Im((Cy = Co)(C7 =CF)) - | gLhy —gihy 2

5 / / (mp +m 1)2
I3? = NZ\/;' [Re((C7 + C7)(Ciy + Cip)) m. - (h+fL T f+hlBoqu> -

q
+ Re((Cy + C5)(CTy + CTp)) - (f+fj_<mBO + mBl)) "S-

—Rw%—%wm—@m«wam%—mﬂya]

N\ (v » 7 = (mBO - mB1)2
—Re((C7 — C7)(Ciy — Cg)) my. - hig, + 9+hL—2 "5y

2 2
12 2 2 / * */ mBo B mBl
Iip= N qj Im((C7 + C7)(Clo — Cp)) m. - hig. 2 +hig,

’ ’ 7 mQB _m2B1 7

+ Im((C7 — C7)(Cio + Cip)) me - | by fr— Z +h, fi
/ * */ 1

+ Im((Cy + C9)(Cy — 010>)§ : (ng—&-(mBO —mp )+ frg.(mp, + mBl))
/ * */ 1

+Im((Cy — C9)(Clo + C10))5 - (9. f(mp, +mp )+ g, fi(mp, —mp,)

2

SySs_ .

(E.15)
129



E Distributions and Observables

All additional contributions in Egs. (E.14)-(E.15) except U2, I3* and I1? are P-odd, that is, change
sign for C; < C}, and vanish for C; = C; .

E.4 a, factors for dineutrino distributions

In this appendix, we collect explicit expressions for ainq/ as defined in Sec. 6.1 in Eq. (6.8). We start
with ¢ — uvv induced modes, followed by b — svv and b — qur transitions. For numerical values for
lifetimes, masses and form factors we refer to Apps. A and C.

a, factors in ¢ — uvv induced modes

e For the D — Puvw mode, where D = D% Dt D! and P = 7% 7", K*, respectively, the
aPP-functions of the differential decay width can be written as

3

_ GRaZ1pA(m,mb, ¢°)°

B 3072 75 m3,

alP(q?) (£27a%))" ,and aPP(¢?)=0. (E.16)

o The angular distributions of D — P; P, vv decays is obtained from Ref. [88]. We obtain for the

afplpszunctions,
(mD_\/‘TQ)Q 1
aPhPe (g2) = dp? / dcosfp b, (4%, 9% 0p,) , (E.17)
(mp, +mp,)? -1
with
T . T .
b—(q27p279P1> = FD |:|.?0|2+Sll'l2 aPl‘?’2:| ’ b+(q27p279P1> = FD Sln2 9P1|‘?L|27 (E18)

where p? denotes the invariant mass-squared of the (P, P,)-subsystem. 6 p, is the angle between
the P;-momentum and the negative direction of flight of the D—meson in the (P, P,)-cms.

o For AT — prv, ZF — Y vw and further baryon modes we find with N from Eq. (E.9)

+ S
ai“F(q2) = Thu N - <2fi3 + fi(mhi + mF>2q2> s
(E.19)

s
aF(g?) = T, N - <Zgis+ + gi(mhz — mF)Qq;) )

e For D — Xwvv decays, the inclusive hadronic final state either has flavor quantum number

of an up-quark, X = , 7m,..., for D%t decays or of an anti-strange quark for D} decays,
X = K, Km,.... Then the corresponding dineutrino mass distribution can be written in terms of

130



E.4 a, factors for dineutrino distributions

aPX as [312]

G a2 Ttpm?
a?X(¢?) = W #(0) fina. (4%) (E.20)

where

2
fine(6®) = (1— q2> [1+2§;] ; and  k(0) =1 + % (M) [25—2772] ~0.71. (E.21)

m2 2 T 6 3
The latter is the QCD correction to the ¢ — u vv matrix element inferred from Ref. [313].
a, factors in b — qvv induced modes

« In the case of the B — Pu,;v; mode, where B = B, B* and P = 7%, n*, K°, K, respectively,
the aPP—function of the differential branching ratio is identical to Eq. (E.16) when replacing
masses, lifetimes and form factors, in agreement with Refs. [274, 314, 315].

« We obtain for B — Vy,v; [312, 314, 315

_ Gral s As(d®)*? 2¢° (V(¢?))?
307275 mY ¢} (1+ m)Q
mp

a?V(q?)

)

BV(g?) = Grag s (Apyl(e®))'?
- 1536 m°> m g c2,

a : [32m2V(A12(q2))2 + (1 + ZLLV) q2(A1(q2))2] :
B

where Agy(q?) = AN(m%, m%,q?) and the parameter cp accounts for the flavor content of the
vector particles, in particular c,0 = V2 and ¢ ot KO K+ = L.

e The functions afxq associated with B — X v,v; with ¢ = d, s transitions are given by [312]

BX, G2 a2 15 k(0)
ay "(¢?) = W AmZ,m2,¢?) - [A(mg,m2,¢*) +3¢* (m§ +m2 —¢%)] , (E.23)

where k(0) =1 + %mb) (22 — 2 72] ~ 0.83 includes QCD corrections to the b — qu matrix

element due to virtual and bremsstrahlung contributions [313].
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In this appendix, we give an introduction to the helicity formalism, and calculate helicity amplitudes
for three- and four-body baryon decays as well as amplitudes for the hadronic baryon decay B; — By,
leading to contributions to angular coefficients as displayed in the App. E.2 and E.3.

F.1 Introduction to the helicity formalism

This brief introduction to the helicity formalism is based on Refs. [190-193]. We consider the two-body
decay of a particle « in its rest frame with spin J and spin projection M along an arbitrarily chosen
z-axis. In the rest frame of particle o the momenta of the decay products are of equal size and opposite
in direction, p; = py and p; = —p;. The helicities of the final state particles are labeled as A, Ay, such
that the final state is characterized by the helicities and the direction of the decay axis with respect to
the z-axis. Given the time-evolution operator propagating the initial state through the interaction U,
the transition amplitude is given by

A= <67 (b’ A17 A2’U‘JM>7 (F1>

and |A|? defines the angular distribution for the helicity configuration A\;, A\y. If these helicities are not
measured, one has to sum over all possible configurations. The main idea of the helicity formalism
is to utilize rotation invariance of the helicities and define a complete set of two-particle basis states
|7, m, Ay, Ay) with total angular momentum j and angular momentum projection m. We can insert a
complete set in Eq. (F.1) and find

A= Z<0’ ¢7 )‘1’ >‘2U’ m, )‘17 )‘2><j7 m, /\1’ )‘2‘U|JM>
J,m
= Z<97 b, Aty Agld, My Ag, )\2>5mM5jJAJM,>\17)\2 (F.2)
7,m
== <9, ¢, )\17 )\2|J, M, )\1, )\2>A]{4’>\1’>\2 .

It can be shown that this transition amplitude factorizes into [190, 191]

2T +1 _,
A= AT IDJJ,)\lf)\2 (¢7 ‘97 —QZ)) ’ AJL{4,)\1,)\2 ’ (F3)

where Aj47>\17/\2 is a helicity amplitude and D&’/\l_)\z(qﬁ, 0, —¢) is a Wigner D—function, which is a
(2J + 1)-dimensional SO(3) representation in the helicity basis and

Dl o (a, B,7) = exp(—iam/) d], . (8) exp(—iym), (F.4)
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F.1 Introduction to the helicity formalism

with the Wigner d—functions [316]

k

e VGGG TG =)
di”’m/w)_k_zkim(_l)k ’ (G+m—k)G—k—m)(k—m+m )k (F.5)

2j—2k+m—m’ 2k—m+m’

X (cos g) ’ (sin§> ,

with & an integer such that k_;, = min {0, m —m’} > —2j and k_,, = max{0, j+m, j—m'} < 27,

which enforces positive factorials in the denominator. The Wigner d—functions obey

max

J _ —m/ 73 J
dm,m =(=1m™ dm p=dl (F.6)
The main advantage of this procedure is that it is straightforward to apply it to sequential decays,
e.g. the amplitude for « — aB(— bc) can be written as

Ala = aB(— be)) o ZDTBB ao, (@ Oy =) D?;:M,)\Bf,\a«bBa Op, —¢p) A /\ A Bif,xc , (F.7)
)\B

where one can further simplify be choosing €, || Pp, because then 6z = 0 and d”, ,(0) =6, ./
yielding
A(a — aB(— be)) ZDAM’ (66> Oy —00) Sar, 2 -x, AL 5, B 5 - (F.8)

c

The intermediate helicity Az needs to be summed over and two helicity amplitudes describing o« — aB
and B — bc, respectively, appear.

In the framework of semileptonic rare charm baryon decays, governed by an EFT description with
factorizing lepton and hadron part this intermediate particle can be seen as a virtual photon, where
one has to sum over all four helicity configurations. To see this consider the three-body A, — pl*¢~
decay- we write

(pCH 0| Tl Ac) = D (HL L) + Y (HENLL), (F.9)
b

a

where a, b sum over contributions from different operators, for instance (Hp) = (p|Cpujcgr|A-) and
(L) = (£+0~|£v5£|0). For the operators involving one Lorentz index p we rewrite the contraction
between hadron and lepton part as

gNV — Z 6“()\)6*V()\’)G)\)\/, G}\/\/ = dlag(l, —1, —1, —1) . (Flo)
AN =t,0,+

By doing so we distinguish the two contributions with A = 0 as follows: For J = 0 we use A =t
instead of 0 and for J =1 we use A = 0. Also A = + refers to A = +1 in the J = 1 case. We use the
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F' Helicity formalism and helicity amplitudes for baryon decays

polarization vectors

1

V2

Due to this procedure the lepton amplitude and the hadron amplitude individually are Lorentz invariant
and thus can be calculated in different frames. In the following section we explicitly construct the
hadron and lepton helicity amplitudes for the three- and four-body baryon decays. The angular
dependence is then given via

e“(t) = (1,0,0,00T, €(0)=(0,0,0, )T, e*(+) (0, +1, —i, 0)T. (F.11)

o *J J
A(A, = pltl7) o Z Dy aa (¢, 0;, —¢e>5,\AC,AfAPAA: A Al
Xy,
—_ _ *J J
A(SZF - Z+(—> p770>£+£ ) o Z D)\;:,\+f)\7(¢l7 0;, —4513)5,\50,&—)\214)\:)\“,\7 (F.12)
)\»yvjryv)‘E

%l 1
X D)\QZ,AP(¢p7 07r7 _(ﬁp)hf\zg\p ’

for the three- and four-body decays, respectively. Note that the angular distribution is obtained by
squaring Eq. (F.12) and one has to introduce two sets of intermediate angular momenta and helicities
J,, A, plus J., X/ in the three-body case and J., A, Ay plus J., X, Ay in the four-body case. All
possible combinations need to be summed. In addition, one needs to average over initial state helicities
and sum over final state helicities. As a last step in the three-body case, one can integrate over the
angle ¢; and is left with the dilepton invariant mass squared ¢*> and one angle, ,, whereas in the
four-body case one can get rid of only one of the two ¢ angles, thus resulting in the dependence on

q27 9@7 971'7 ¢

F.2 Helicity amplitudes for three- and four-body baryon decays

The helicity amplitudes needed in Eq. (F.12) are Aiw A and hi \ - While the calculation of the
v P

. . . . J. .
latter is performed in App. F.3, we outline the calculation of A,” AL here. It is decomposed as
Y 2=

H)LYY + >, HE L8 for J, =0,
Aiw,\ A —{Ea< AR 2”’t t’;\“A’ ! (F.13)
A Zb%/\pw\wﬁ/\whyk for J,=1,
where
}[lj\p’)\W = (Hy)er(N,), £§m/\+ x = (Ie (N (F.14)

For the remainder of this calculation we particularize to the A, — p¢™¢~ case, with momenta p for
the A,, k for the proton and ¢, , ¢_ for the leptons and obvious notation for the respective helicities.
Note that due to the Kronecker delta the A, helicity is fixed by A, = A, — A,,. For the pseudoscalar
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F.2 Helicity amplitudes for three- and four-body baryon decays

contributions two hadronic matrix elements contribute, whereas only one lepton amplitude is taken
into account

(HT) = Cp(p(k)luc|A.(p)),  (H) = Cplp(k)luysclAc(p)), (L) =ty(q )ysv,(¢"). (F.15)

For the contributions with open Lorentz index, more combinations are possible and we sort by hadronic
matrix elements four different hadron amplitudes, and further indicate with an upper index 1, 2 whether
the hadron amplitude is multiplied with a vector lepton current (upper index 1) or an axial vector
lepton current (upper index 2),

(HY = = 2 (4 ) (k) o™ q, 1A, (p))
(Hy") = — T (Cr —C7) (p(k)|uic*q,v5|A.(p))
(H3") =(Cq + C§) (p(k) v, A.(p)) (F.16)
(H") =(Cy — C§) (p(k) |y, 751 4. (p))
(H3") =(Cyo + C1o) (p(k) |y, |A.(p) ,
(HF") =(Cyo — Cfo) (p(k) iy, 4e(p))
and the two lepton amplitudes read
(L) = (g )v,vela™) s (La) = up(q)v,v5ve(qF) - (F.17)

Now, one hadron helicity amplitude H ’;; A, for m = 1, 2 is given by the sum of the four (two)
contributions with upper index m=1 (m=2) in Eq. (F.16). As anticipated the calculation of the
individual hadron and lepton helicity amplitudes can be done in different frames. For the hadrons we
choose the rest frame of the A_, where

m/lc Ep dg
0 0
= 8 k=1 =g | (F.18)
0 |k |k
with ¢* = ¢! + ¢* and
2 2, 2
my —mp+q
B =my —a. o= e T2 FT (F.19)

ZmA

c
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F' Helicity formalism and helicity amplitudes for baryon decays

In this reference frame, the hadron spinors read with y, = (1, 0)7 and x_ = (0, 1)7 [192]

1 — (x _ 1 / Flk|
’LLAc (p, )\Ac = :|:§> = 2’[7’LAc ( O:t) s Up (k’, )\p = :|:§> = Ep —l—mp (XT;F, MX;) .
p p

(F.20)

These amplitudes then enter the angular observables. Following Ref. [296] we introduce (m!) = 1, 2)

Smm' = N2 -Re |:.7{Tlnt-7{f1”;/ + %ml t}[le;’t] )
3t g, -3t —g,

Spm’ = N2 Re| g H\ — Hm, H
3t 2 -zt —at

4

(mmzN?mwwwﬁm+%W1%TQy

/

PmlzNWR%%mJﬂﬁ—?ﬂﬁlﬂmtJ,

L™ — N2 .Re %”05{*%”3 +%T;70}(T”;0} ,
- (F.21)
Lmm — N2.Re }(%”O}[T%”g jfmé’oﬂ“;o} :
, - )
' — N7 Relaem et o ogem gt gem gptm’gem gt
1P 4 5,177 -3,0 —3.077 3,1 5,077 —4,-1 —3.-177 3.0
, _ .
Imm’ — &I m }[Tm/ — K™ %Tm/ — K™ %Tm ™ }[Tm/
2 3T e T 0T T e T e |
2 r _
' = N Relaem gt 4 g getm' L gem gt L gem gt
3T I T N e R Y L
, - .
= N | gem gt gem, gty gem getn’gem - ggtm
= I T N e R LI E

where the flipping of helicities results in a minus sign for the amplitudes ¢ = 2 and a = 4, due to
parity

1,1 2,1 3,1 4,1
I\ =IO AT AT A
Ap Ay ApA Ap Ay Ap Ay ApAy 7
g1 2,1 3,1 4,1
T\ Ay }(Ap,,\W - %Ap,)w + Iy Ay ApoAy F .99
H3 o =HY A+ (F:22)
Ay Apdy XA
3,2 4,2
ik = J2, Iy
“ApAy Ap Ay Ap Ay
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F.2 Helicity amplitudes for three- and four-body baryon decays

For convenience we give the list of single contributions below with s, = (m = mp)2 e

)\/1C = %7 )\'Y = t
HY L =0,
%i7i t 07
3,1(2 , S ‘
j{—%(,t) = (Co(10) + Cg(m))\/\/qéfo(ff)(mgc —my), (F.23)

c 2 Y
,\ 2m,
Ko = (Cr + O T Vahuld),
L 2m,
%21’10 (C7 =€) \/*gﬁh+(q2> )
! 1 (F.24)
3,1(2 ,
Iy~ = (Coo) + Cg(mﬂﬁ\/iﬁr(q%(m: +my),
1
4,1(2 ,
%%70( = —(Coo) — C9<10>)ﬁ\/5+9+(q2>(msc —my),
)\A - %’ )\'Y = 1
1,1 ,\2m, 0
Hy = V2(C; + 07)72\/@&((; )(mz_ +my),
F = _\/5(07 _ Cé)%\/aju(qzxm: “my),
i ¢ - (F.25)
3,1(2 ,
}[%,1( )= \/§(C9<10) + 09(10))\/€fl<q2)7
4,1(2 ,
%%,f )= _\/§<C9(10) - C9<10))\/§9L(q2> :
Similarly, for the easier case of the pseudoscalar contribution, we find from parity
HY =HO 4 HD?
' . ; (F.26)

P _ qrP1 P,2
HE, = H - HE,
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Wlth )\AC - %, >\'Y =t

my +my,

7" = Ot ), P2 = Op e (P, (F.27)

2

For the lepton helicity amplitudes we use the dilepton center of mass frame, where

2 2
s w—| 0 " F.28
Q+ O 9 Q— 0 9 q 0 9 ( )
] —Iql 0

and we choose the z-axis in the direction of the /T momentum, such that [192]

u(\) = ( mm(—éz) ) ’ v(\) = ( \/f_mzxfx(éz) )
2)\\/im€)<)\( é.) —QA\/%X—A(@)

where x_ (€,) = (1, 0)T and x_(¢,) = (0, 1)T. We obtain the following lepton helicity amplitudes for
m=1

, (F.29)

L, =0, Ly =—2my, Lo =—2¢%, (F.30)
£33 0,3,3 +1,4,-1
and for m = 2
L2, =-2m L2 =0 L2 =/2¢%4/1 dmj (F.31)
5 S S N ¢ '
Again we relate to other helicity configurations via parity behavior, which implies
S O S WO WP W

T (F.32)

P =—gP, =/, (F.33)

Our results are in agreement with Refs. [194, 296] and Ref. [311] in the limit of vanishing lepton
masses. We stress that results for the helicity amplitudes are given for A, — pf*¢~, but also apply to
all other modes with appropriate replacements of masses and form factors.
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F.3 Helicity amplitude description of B; — By

F.3 Helicity amplitude description of B, — B,w

1
We now turn to the calculation of the hadronic helicity amplitude hi; y_ for the secondary baryonic
»\p
decay B, — By, here discussed for X* — pr®. The two-body decay is parameterized by the sum, o iy
and the difference, «_, of the helicity amplitudes squared

2
+

| =

[SIE

h (F.34)

)

[SIERNES

ai:‘h

=
Nl

)

Following [317] the helicity amplitudes of a non-leptonic baryon decay involving a pion can be
parametrized as

hioa, = Grmaiy,(A)(A = Brs)us(As), (F.35)

P

where A and B are complex constants and m is the pion mass. We compute the amplitude in the rest
frame of the X with the z-axis pointing in the direction of the proton momentum. The spinors are

then again given by
Ay = 41 ) = 2y (X
Uy | PyAp = iQ — my 0 )

. :F|7~€) | (F.36)
_ o . T T
u, (k?, Ay = i§> =\/E, +m, (Xi, w)&) )
with p and k the four-momenta of the ¥+ and the proton, respectively. Further, p° = my, [p| =0

and E, = /|k|?> +m2 is the energy of the proton, hence k = (E,,0,0, k)T, and x, = (1,0)T,
x_ = (0,1)T. using these spinors in Eq. (F.35) and simplifying, we arrive at

h: | = \2meGpmi (i A+ /i B),
L2 (F.37)
h%, . =\2mxGpmi(/r A—\/r_B),
with r, = /E, £ m,. Via these helicity amplitudes o, are expressed as
0, = 4G mbm s (r AP +r_|B), )
a_ = 8G4mamy,/r.7_Re(AB*), .

and their ratio reads

- _ 2—\/ P RelAs) =X (F.39)
ar AP+ EBR T '

which corresponds to the decay parameter a in [184]. We can therefore factorize o, from the angular
distribution and use a;, = B(Xt — pm) and % = « to arrive at the expressions given in App. E.3.
+
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This appendix provides further details on the SU(2);link in SMEFT in App. G.1, calculating the
O(X) correction, where A is the Wolfenstein parameter. Also, App. G.2 collects all available bounds
on charged lepton couplings in different flavor sectors, including global fits to low-energy data for
semileptonic b — s and b — d transitions. App. G.3 presents differential distributions for rare charm
and rare beauty dineutrino modes for several benchmark scenarios.

G.1 Details on the SU(2);-links in SMEFT

We investigate the O(X) correction in the SU(2),-link in Eq. (6.4). We explicitly do this for the
up-type sector, since the O(\) correction is taken into account in Sec. 6.2 for ¢ — uvr induced modes.
We choose the CKM (V) and PMNS (W) matrix to stem from down-type rotations and charged
lepton rotations, respectively, Q, = (upq, Vagdrp) and L; = (vp,;, Wi £1,). The SU(2)-link between
dineutrino Wilson coefficients € and charged lepton Wilson coefficients X reads in the mass basis of
quarks and leptons

eV = WHvxPviw,

CY =WIKGW. (G-1)

As we have seen in Sec. 6.1, the dependence the PMNS matrix drops out in flavor-summed branching
ratios, Eq.(6.7), due to unitarity. For the CKM matrix we expand the cu entry in C’g in terms of the
Wolfenstein parameter A

Cst = WHICSIW AW (K — KW + 0(\2). (G.2)
Including the O(\) correction yields for z,

to = 3 (105 + 1657 ) = Tr[egr et + eg e

v=1,j
=Tr[ g3t + A | + ba, + 002 (G.3)
=S ([ 1K) + b+ 002),
i=ij

with
02, = 2ATr [Re (jcsLd (jcs;* —j(%f”)”
o s (G-4)
—21 Y Re ((x;d” A3 — g gt )) .
i=ij
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G.1 Details on the SU(2);~links in SMEFT

Table G.1: Upper limits on leptonic couplings X' p for quark flavors dd, ss, sd and cu
from high-p; [213, 214]. LFV-bounds are quoted as flavor summed, /|4 |2 + | K¢ €72

|K?{M ee g TT ey er Ut
| X4 2.8 15 55 11 3.3 36
x5 9.0 49 17 52 17 18
| 5%) 35 1.9 67 2.0 6.1 6.6

|| 29 1.6 56 1.6 47 5.1

Table G.2: Upper limits on R and §R% as defined in Eqgs. (G.5), as well as on their sum,
rt = R + 6R*.

ee up  TT el eT  UT

RY 21 60 77 66 59 170
SR 19 54 69 57 55 63

P 39 11 145 12 115 133

Bounds on the charged lepton couplings within the different flavor assumptions can be plugged into
dineutrino branching ratios as follows. We define

RY — ‘j(sLdM’ 24 |j(?%uee/’2’
RY — | g5ttt g gesutt' | (G.5)
6RM = 2)XRe (j(idﬂ j(SLSM _ j(sLdM j(%d@[ ) .

Again, we use R + R = 2R, RY <2R* and 6R* < 2\|%34| (|54 | + | 44]).
In the most conservative scenario, we employ high—p, data [213, 214] for up- and down-type charged
lepton FCNCs and the flavor diagonal down-type couplings. We give bounds on lepton specific Wilson

coefficients for ¢, ¢’ = e, i, 7 in Tab G.1 . Corresponding bounds on R and 6R* are summarized in
Tab. G.2.

The A corrections in for rare charm dineutrino modes are sizable, because bounds on the diagonal
quark flavor couplings, especially the ss, are worse than the FCNC constraints. This effect is less
pronounced for the @(\?) corrections, where the diagonal quark couplings enter squared with a single
A2 prefactor.

'The d — d, s — s, s — d entries are obtained from the ¢ — u bounds via luminosity ratios, see Egs. (6.9) and (6.10)
in [214] and Fig. 1 in [213].
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G Details on flavor probes with dineutrino modes

G.2 Collecting bounds on Wilson coefficients in different sectors

We collect available limits on charged lepton BSM flavor couplings for all possible SM quark FCNCs.
Limits are obtained from Drell-Yan searches in high—p; dilepton tails from Refs. [213, 214] and hold
for both chiralities | X %Cf;ge/ lpy and quark flavors sd, cu, bs, bd. They are given in Tab. G.3 in lines
one, four, seven and eleven, respectively. Drell-Yan bounds are not competitive for tc and tu couplings,
since the top quark PDF is strongly suppressed, i.e. it is unlikely to find a top quark inside of a
proton. Tab. G.3 also contains limits on couplings from low energy data. Lines 2, 5, 8, 9, 12 and 13
are obtained from semileptonic decays of flavored mesons, i.e. kaon decays for sd, D—-meson decays
for cu (see Sec. 4.1), B-meson decays for bs and bd. We quote all lepton flavor combinations that are
kinematically accessible and assume no large cancellations between LH and RH contributions. Further,
the limits provided are on the absolute values, whereas for bsup and bdup a separate range is given for
each chirality based on global fits presented later in this appendix. The remaining lines 3, 6, 10 and 14
are obtained utilizing information on low-energy meson decays into dineutrinos and the SU(2);—link.
Due to this link only one chirality is constrained. From rare kaon decays, see Sec. 6.4, the RH sd/¢’
couplings and the LH cuff¢’ couplings are constrained assuming no large cancellation between these two
contributions is possible, hence lines three and six quote the same limits. The opposite combination
would be constrained from rare charm decays into dineutrinos, however the only available limit on
DY — 100 is to weak to be competitive, see Sec. 6.2. Rare B-meson decays into dineutrinos constrain
RH charged lepton couplings in lines 10 and 14 of Tab. G.3 and LH tcf¢’ and tufl¢’ couplings, quoted
in lines 2 and 4 of Tab. G.4. Again, these bounds are obtained assuming no large cancellation between
LH and RH contributions is present.

Tab. G.4 also presents upper limits on four-fermion operators including tops from collider studies of
top plus charged dilepton processes in lines 1 and 3.

As expected, rare kaon data for charged dilepton and dineutrino final states result in tight constraints
on NP sdl¢’ couplings for all available lepton flavor combinations and are at least two orders better
than bounds from Drell-Yan searches. They also impose strong bounds on the LH cuff coupling, where
otherwise bounds from Drell-Yan and low-energy physics are in the same ballpark. For bs and bd
couplings Drell-Yan limits are weaker than low-energy input due to the heavy bottom quark. Direct
limits from rare B—meson decays are roughly two orders better than indirect limits from dineutrino
final states whenever light charged leptons are involved, 7.e. ee, pp and ep. The indirect limits are,
however, in the same ballpark or even better than direct ones whenever a 7 is involved.

In the top sector direct experimental info is weak and indirect limits on the LH coupling from
rare B—meson data is roughly two orders of magnitude better for every single charged lepton flavor
combination.

Most precise experimental information is available for rare B—meson decays constraining both bspuu
and bdup four-fermion vector couplings. We perform a global fit for these.

The global fit to b — s u*p~ data is performed using the python package flavio [279] and distinguish-
ing two cases: a fit including only b — s u* = data, and another, which includes LFU ratios Ry. and
dielectron observables, such as B® — K*0eTe™. We follow Refs. [55, 228, 318], which also us the flavio
package refer to these references and Ref. [7] for further details. Observables from b — s ¢/ transitions
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G.2 Collecting bounds on Wilson coefficients in different sectors

Table G.3: Collection of upper limits on charged dilepton couplings X ?f/w for q¢' =
sd, cu, bs and bd from high—p; [213, 214] (top rows), charged dilepton kaon and B-decays
(mid rows) and derived ones from kaon and B-decays to dineutrinos (bottom rows).
Numbers are quoted on the modulus, except for bsuu and bdup couplings were global

fit results are quoted, see text for details. LFV-bounds are quoted as flavor-summed,
\/‘g(z+e’f|2 4 |j(efe/+‘2'

ee jon TT ey eT uT
sd
Ve 3.5 1.9 6.7 2.0 6.1 6.6
| L,R ’/DY . . . . . .
K345 5x 1072 1.6 x 1072 - 6.6 x 107 - -
K53 1.9%x1072 19x1072  1.9x102 1.1x102 11x1072 1.1x1072
cu
\%gff;f/ypy 2.9 1.6 5.6 1.6 4.7 5.1
Ko 4.0 0.9 —~ 2.2 n.a.f -
K5 1.9%x 1072 1.9x1072 1.9x102 1.1x102 1.1x102 1.1x10°2
bs
y%gﬁ%’\}w 13 7.1 25 8.0 27 30
Kbt 0.04 [—0.03; —0.01] 32 0.1 2.8 3.4
Kbstt! 0.04 [—0.06; —0.04] 32 0.1 2.8 3.4
Kbt 1.4 1.4 1.4 1.8 1.8 1.8
bd
|ﬂ(’g{§§’|PY 5.0 2.7 9.6 3.1 9.6 11
Khdee 0.09 [—0.03,0.03] 21 0.2 3.4 2.4
Kb 0.09 [—0.07,0.02] 21 0.2 3.4 2.4
KU 1.8 1.8 1.8 2.5 2.5 2.5

listed in Tabs. B.1-B.3 in Ref. [228] are included, while adding the updated 2021 measurement of Ry
from LHCb [319], as well as radiative modes, B?S) — pp and A,—decays. However, observables listed in

Tabs. B.4-B.9 of Ref. [228], which incorporate observables from charged current B-decays as well as
strange, charm and 7-decays, are not included. A complete list of the utilized experimental input is
given in Ref. [228] and Table 7 and Table 8 of Ref. [7].

The six-dimensional fit to real Wilson coefficients C;, Cy, (' and primed counterparts in the first
case, i.e. the scenario without LFU and dielectron data, yields the following 1o fit values, when
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G Details on flavor probes with dineutrino modes

Table G.4: Upper limits on charged dilepton couplings X% and X% from collider
studies [281, 282, 285] of top plus charged dilepton processes (top rows) and on LH couplings
derived from rare B—decays to dineutrinos (bottom rows). Numbers correspond to a limit on
the modulus and LFV-bounds are quoted as flavor-summed, /|Z¢ ¢ |2 + | K¢ 7|2

ee i TT ey er Ut

tc

| K] ~200 ~200 na 36 136 136
|y(tLC”|W 1.9 19 19 1.8 18 18

tu

| K] ~200 ~200 na 12 136 136
|jctLW L, 18 1.8 1.8 24 24 24

projected to NP couplings KD L , see also Eq. (6.24),

KOS — Oy — Cp = —1.45 4 0.29

bs (Gﬁ)
M— O — Oy = 0.4640.26.

In Eq. (G.6) the clear tension between b — s u*p~ data and the SM becomes apparent and is quantified
by the pull from the SM, pully, , in units of standard deviations o. This fit gives pully,, = 4.6 0, with
a goodness of fit x?/dof = 0.91. LFU and dielectron data is excluded, because we are interested in the
best available limit on dimuon couplings assuming LFU. As soon as dielectron modes and LFU ratios
are included, one explicitly breaks LFU when performing a fit to muon Wilson coefficients only.

The 1, 2, and 3¢ fit contours are displayed as red shaded areas in the left plot of Fig. G.1 in the

IF“ " bs“ " plane, where the best fit point is indicated as a red point. The plot also displays the

lo reglons for different sets of observables in blue for (F} ), green for (d B/dg?), orange for (P,), and
yellow for (Apgp). Finally, the red dashed lines show the impact of Ry, data on the global fit.

For the b — d u = transition, there is currently only first information from global fits in Refs. [278,
321, 322], which are mainly based on the current experimental information on B — 7 u* . However,
further input can be included from the recent update on B(B° — pu*p~) = (0.56 4+ 0.7) x 10710 [263]
at 95% CL, where the quoted value includes the recent result from LHCD [323, 324], in addition to the
first evidence for B(BY — K*Ou*p~) = (2.9 + 1.1) x 1078 [325].

We use results from Ref. [320], where a four-dimensional fit to the aforementioned modes and data
from BT — w7 uTpu~ is performed, to obtain global fit ranges for m(}:d“ " and ml]’g“ " The fit is only
four-dimensional because we do not consider dipole operators Cr, C; in our fit. The main difference to
the results in b — s is that experimental information for b — d is much less constraining and we obtain
two solutions for the four-dimensional fit. We quote the solution with the smallest x?/dof = 0.28 that

144



G.2 Collecting bounds on Wilson coefficients in different sectors

(Fp) (Arg) 125 ] B (B — ptp)
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V 4 7.5 —— global fit
y
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Figure G.1: Plots visualize results of global fits to rare B—decay data on |Ab| = |As| =1
and on |Ab| = |Ad| =1 transitions in the left and right plot, respectively. Left plot: 1, 2,

and 3 o contours and best fit point are shown in the /ilf” " *Iil;%s“ # plane as red shaded areas

and red point. blue, green, orange and yellow regions correspond to the 1o contours for
(F.), (dB/d¢?), (P,) and (Agg), respectively. The red dashed contours illustrate the impact
of Ry data on the global fit. Right plot: In the mlzd” " 75%1” " plane the red shaded areas
correspond to 1, 2, and 3¢ fit contours and the best fit values are shown as a red point.
The impact of B(B* — 7+ uTp~) and B(B? — K*O ™) is illustrated individually as 1o
contours in orange and celeste, respectively. The B® — p*p~ limit is included in the global
fit, but has small impact as apparent from the gray area, which fills the whole plot region.
The |Ab| = |Ad| =1 fit results are adapted from [320].

gives

led““:—?)j:S,

(G.7)
RO =0+ 4,

with pullg, = 1.920. Similar to the b — s case, the right plot of Fig. G.1 displays the 1, 2, and 3¢

fit contours as red shaded areas and the best fit values as a red point in the /@ZS“ " fnl;;“ " plane. The
individual impact of B(B* — 7+ u*p~) and B(BY — K*° u* ™) to the global fit are displayed as 1o
contours in orange and celeste, respectively. The B® — p* = limit has basically no impact on the fit.
It is illustrated as gray area, however covers the whole plot region. In order to improve the global fit
and reject the possibility of various solutions, future measurements of b — d u 1~ modes are necessary.
For further details of the b — du™p~ global fit we refer to Ref. [320].

The fit results for kp for both b — s and b — d transition from Eqgs. (G.6) and (G.7) serve as input
in the analysis of indirect LFU tests via dineutrino modes in Sec. 6.3, see Fig. 6.4.
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G Details on flavor probes with dineutrino modes

G.3 Differential distributions for dineutrino modes

In this appendix, we collect differential branching ratios for rare charm and rare beauty dineutrino
modes in several benchmarks. For rare charm transitions Fig. G.2 no SM curve is shown, as it is
suppressed by several orders of magnitude, due to the efficient GIM cancellation. We show for each
mode a dotted and a solid line together with their 1o uncertainty bands from form factors, where the
solid line corresponds to the LFU upper limit, whereas the dotted line is for the cLFC upper limit from
Tab. 6.3 in the first scenario, i.e. the scenario using upper limits from Drell-Yan high—p; searches only
and including the O()\) corrections discussed in App. G. The upper plot in Fig. G.2 is for D — Pvnu
modes, in red, brown and dark green we show the ¢? differential branching ratios for D° — 7%up,
Dt — 7w and DY — K ww, respectively. For the charged modes the 7 cut, see Eq. (6.12) in Sec. 6.2,
is illustrated as a vertical brown and green dashed line. The middle row plots show the ¢? and p?
differential distributions for DY — P, P,v modes in the left and right plot, respectively, where p? is
the invariant mass squared of the dihadron final state. Benchmark curves are shown for D° — 7970w,
DY — ntr~ww and D° — K+*K v in orange, pink and cyan, respectively. The D° — K+ K v is
artificially enhanced by a factor 100 to be visible in the plots and in all modes 10 % uncertainties from
form factors are illustrated. The lower left plot shows ¢? distributions for A, — pvv and Zf — Xtwwin
brown and blue, respectively, and the bottom right plot shows the benchmark distributions for inclusive
dineutrino decays of the D°~, D™~ and D/-—mesons in magenta, lime and green, respectively. For the
inclusive modes 10 % uncertainties are illustrated as band width in the plot and the distributions are
cut at 2., = m? for D and DT and at the physical limit ¢2,, = (m p,—m x)? for the D, [326].

In Fig. G.3 we show the prediction for the differential branching ratios of B — K%w, B® — K*0up,
Bg — ¢uw, inclusive BY — X, v, B% — 1% and B® — p°ui in the upper left, upper right, middle
left, middle right, lower left and lower right plot, respectively , and each in the SM (black dotted line
and gray uncertainty band) and two BSM benchmarks in blue and red. The blue region depicts the
region spanned by varying dineutrino couplings within the ranges given in Eq. (6.20). This region
corresponds to the indirectly derived EFT limits provided in the fourth column of Tab. 6.5. The red
region is a combination of Eq. (6.20) and the LFU region defined in Eq. (6.35) and depicted as a red
cone in Fig. 6.4. For some this additional constrain gives a bound more stringent than the general
derived EFT limit, for others there is essentially no difference.
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Figure G.2: Differential branching ratios for the LFU and cLFC limit as solid and dotted
line, respectively, for several rare charm dineutrino modes, see y—labels, legends and text for

further details.
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Figure G.3: Several differential branching ratios for rare B-decays to dineutrinos, see
y-labels, are shown in the SM (black dotted line and gray uncertainty band) and two BSM
scenarios, the derived EFT limit using Eq. (6.20) (blue region, labeled as benchmark general)
for b — svv and b — dww, respectively, and the LFU benchmark (red region, labeled as
benchmark LU), see text for details.
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