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Abstract

50 years after the discovery of the first charmed particle, charm physics continues to be an extremely lively field of research and
a cornerstone in particle physics. The study of charm, with its unique properties, is characterised by many challenging but also
exciting peculiarities, making it an ideal testing ground for Standard Model (SM) predictions and a very sensitive probe of new
physics. This chapter is intended to provide a pedagogical introduction to the physics of the charm quark and to its current theoretical
and experimental status. Specifically, it discusses the main features of the charm sector of the SM, the theoretical and experimental
challenges that arise when dealing with the charm quark, and the methods used to study it. An overview, both from a theoretical and
experimental perspective, of fundamental observables such as lifetimes of charm hadrons, D°-meson mixing, charm charge-parity
violation (CPV) and rare charm decays is also presented.

Keywords: charm quark, heavy quark flavour physics, charm hadron decays, charm mixing, charm CPV.

Objectives

e History of the discovery of the charm quark and subsequent developments.
e Description of the properties of the charm quark and of its weak decays.
e Introduction to the theoretical and experimental methods used in charm physics.
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2 Charm physics

e Theoretical and experimental status for charm observables including lifetimes, CPV, mixing and rare decays.

1 Introduction

November 2024 marked the 50th anniversary of the discovery of the charm quark, also known as the November Revolution in particle
physics !. In 1974, the groups of Samuel Ting at the Brookhaven National Laboratory (BNL) [1] and Burton Richter at the Stanford Linear
Accelerator Center (SLAC) [2] discovered, more or less simultaneously, the J/i meson, a narrow resonance consisting of a charm quark and
a charm anti-quark. The J/y has a mass of 3097 MeV, suggesting a charm-quark mass of the order of 1500 MeV - close to current values -
and a width of 92.6 keV, corresponding to a short lifetime of about 7.1 - 1072!'s. The charm quark, in fact, is not one of the main constituents
of the ordinary matter i.e. protons or neutrons, but forms heavier particles that decay after some time, see Fig. 1. These bound states, which
are glued together by the strong interaction, are conventionally classified into charmed mesons, made of a quark and an anti-quark, just
like the J/y, and charmed baryons (anti-baryons), made of three quarks (anti-quarks). Experimentally, charmed particles are distinguished
according to the value of their charm quantum number C. States with C = 0 composed of a charm quark and a charm anti-quark such as
the J/y, y(2S), y(3770), etc., are referred to as hidden charm states. They are also commonly referred to as charmonium—analogous to
positronium—states or charmonia. Particles with C # 0 containing either charm or anti-charm quarks such as the D°, D*, D}, A}, etc. are
referred to as open charm particles, see Table 1 and Fig. 2. In particular, the term “D meson” commonly refers to a particle containing a
charm quark and a light anti-quark, either a up, down or strange, that is the D°, D*, or D7, as well as the corresponding excited states. 2.

First two families @ O énnp”g:
of quarks ij

Fig. 1: Quarks are bound via the strong interaction into hadrons. The most well-known hadron is probably the proton, consisting of two up quarks
and one down quarks, as well as sea-quarks, here indicated by the s§ pair, and gluons, indicated by the curly red lines. The charm quark is the main
constituent of the J/y resonance, the D mesons and the A} baryon.

This simultaneous discovery of the J/y opened the gates for a new era of particle physics. The existence of other conventional charm
particles was predicted and the second charm particle to be discovered was the excited /(25 ) meson [4] * at SLAC. Several other charmonia
were quickly discovered and studied at the SLAC-LBL (Lawrence Berkeley National Laboratory) magnetic detector at the SPEAR electron-
positron storage ring, also known as the MARK-I detector [5] and at the DORIS storage ring, also electron-positron, at DESY (DASP and
PLUTO detectors) [6]. Some of these early studies can be found in [7, 8, 9, 10, 11, 12, 13, 14]. Of particular interest is the state (3770)
discovered with the MARK-I detector [9], as its mass is just above the energy threshold for the production of a pair of charmed mesons thus
enabling the decays (3770) — D*D~, and y(3770) — D°DP, see Table 1 and Fig. 2. Now, 50 years after the discovery of the first charmed
particle, charm physics continues to be an extremely lively field of research and a cornerstone of modern particle physics. The study of
charm decays is characterised by many challenging but also exciting peculiarities, which make the charm sector an ideal testing ground for

ISee e.g. https://cerncourier.com/a/the-new-particles/ and https://cerncourier.com/a/charming-clues-for-existence/.
21t is interesting to note that prior to 1986 the DY mesons were named F mesons from “funny”, and the name of the D mesons came from “doublet” [3].
3Here (2S) indicates that y(2S) is the first radial excitation of the ground state J/y.
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Quantum Chromodynamics (QCD) based frameworks and a very sensitive probe of new physics (NP). In particular, it might even reveal us
some crucial insights on the phenomenon of the violation of the charge-conjugation and parity (CP) symmetry in the Standard Model of
particle physics (SM), which is a necessary ingredient in order to explain the existence of matter in the Universe [15].
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Table 1: Masses of the most common 3.0

charmonia and open charm particles; both

ground and excited states [16]. . . .
Fig. 2: Energy hierarchy of selected charmonia masses and of the most common thresh-

olds for open charm production channels—both ground and excited states.

In recent years, significant progress has been made, and the following phenomena have been experimentally established—all of which will
be discussed in more detail in the next sections:

1. 2003 onwards: charm spectroscopy— For a long time only baryons and mesons were experimentally known as colour-singlet bound
states. From a QCD point of view also tetraquarks (bound states of two quarks and two anti-quarks) and pentaquarks (bound states of
four quarks and one anti-quark) could be colour neutral particles. By now, these so-called exotic hadrons have been observed and many
of them contain charm quarks , see Section 2.4.

2. 2007/2012/2021: D°-meson mixing— Through the weak interaction, the neutral D° meson can transform into its antiparticle, the D°
meson, leading to the phenomenon of D°-D® mixing. The two fundamental observables that describe the mixing process are the mass
and width difference between the corresponding mass eigenstates, encoded in the dimensionless parameters x and y, respectively, see
Sections 3.4, 6.1. Although the existence of D°-meson mixing could already be inferred in 2007 from a combination of measurements
performed by Belle [17], BaBar [18] and CLEO-c [19], see the original HFLAV (Heavy Flavour Averaging Group, earlier known as
HFAG) plot in Fig. 3—taken from [20]— it was only in 2012 that charm mixing was observed by a single experiment. The observation
was performed by the LHCb collaboration [21] and soon confirmed by CDF [22] and Belle [23]. Almost 10 years later, in 2021
the LHCb collaboration also performed the first single measurement of x with a statistical significance of more than five standard
deviations [24]. The parameter y was determined with a statistical significance of more than five standard deviations in 2010 through
a HFLAV combination [25] of results from Belle [26], BaBar [18] and CDF [27], but to this day it has not been determined with more
than 50 by a single experiment.

3. 2019: CP violation in the charm sector— In 2019, the LHCb collaboration discovered CP violation (CPV) in the charm system [28],
by measuring the difference of the CP asymmetries in the decays D® — K*K~ and D° — n*n~—a quantity denoted by AAcp, see
Sections 3.5, 6.2. The measured value of AAcp is of the order of 1073 and this is about a factor of ten larger than the naive expectation
obtained within the SM. Currently, it is debated whether the naive SM expectation could be enhanced by a factor of ten due to poorly
known non-perturbative effects, or whether the measurement of AAcp might be a first glimpse of physics beyond the SM (BSM).

“For a nice summary of current results see e.g. https://cerncourier.com/a/a-bestiary-of-exotic-hadrons/.
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Fig. 3: First combination of the mixing parameters x and y excluding the no-mixing hypothesis (0,0) with more than 5¢-. Taken from [20].

The previous points illustrate how the physics of charm is a fast-advancing field of research with many interesting open questions. The
remaining sections of this chapter aim, therefore, to provide a pedagogical guide to the physics of the charm quark and its current theoretical
and experimental status. In the following, we discuss the main features of the charm sector of the SM and why, from a certain point of
view, it represents a system with unique properties. We also describe what are the main theoretical and experimental challenges that arise
when dealing with the charm quark, as well as the methods used to study it. Finally, we provide an overview, from both a theoretical and
experimental perspective, of fundamental observables such as lifetimes of charm hadrons, D° mixing, charm CPV and rare charm decays.

2 Creation of charm

2.1 History of the charm quark

Before the J/y resonance was discovered, only the three light quarks, up, down and strange were known. Up and down form the first family
of quarks and they make up the dominant part of the ordinary matter i.e. protons and neutrons. The detection of muons in cosmic rays
in 1936 by Anderson and Neddermeyer from Caltech [29] gave the evidence for a second generation of fermions, triggering the famous
outcry of the Nobel laureate L. I. Rabi “Who ordered that?”. Strange particles were found in 1947, and by now we also know that there
is a significant virtual strange-quark content in the proton [30]. Over the coming years many new particles were found—particle zoo—
and it took up to 1964 until Gell-Mann and Zweig introduced the concept of quarks, as an ordering principle in the subatomic world [31, 32].
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Fig. 4: Visualisation of the Cabibbo matrix, which describes the coupling strength of the W boson to the first two generations of quarks.

The existence of a fourth quark—the charm—to complete the second generation of quarks, was first theorised by Bjorken and Glashow in
1964 [33]. In this scenario, the coupling strength of the weak charged interaction, i.e. the W* exchange, between the two corresponding up-
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Fig. 5: Leading Feynman diagrams with internal up (left) and charm (right) quarks describing the decay K° — u*u~. The contribution of the up
quark alone would lead to a much higher decay probability than actually observed. The contribution from the charm quark largely compensates the
one of the up quark and the sum of the two diagrams results in a suppression of this decay, in agreement with experiments.

and down-type quarks is encoded into a 2 X 2 rotation matrix, commonly known as the Cabibbo matrix °, that is

Vud Vcd _ Cos 0[: —sin 0(.
Vu.s Vc_y B sin 9( Ccos 9@ ’

Vicavibbo = ( (1
where e.g. the matrix element V., denotes the coupling strength of the weak interaction between the charm and down quark, see Fig. 4, and
6. is the Cabibbo angle, the only independent parameter that characterises this matrix. In 1970, Glashow, Iliopoulos, and Maiani showed
that the existence of the charm quark could explain the observed suppression of the leptonic decay of a neutral K meson—the bound state
of a down quark and strange anti-quark—into two muons, K° — y*u~. In fact, assuming the existence of two generations, this process
would proceed via loop diagrams with internal up and charm quarks, as sketched in Fig. 5, including all four elements of the Cabibbo
matrix. The decay amplitude would be written as a sum of the up- and charm-quark contributions, and using the parametrisation of the
Cabibbo matrix in terms of the Cabibbo angle would yield, schematically

AK® — wt) o ViV A(my,) + Vi, VesA(m,) = cos 6, sin 6, [A(m,) — A(m,)] @)

where A(m,) is a function of the mass ratio mé /m%,l,. While the individual contributions A(m,) and A(m,.) can be quite sizable, they cancel

in the difference almost exactly, as m> /m%v ~ m? /m%v < 1, thus leading to a strong suppression of the decay amplitude. This illustrates the
basic principle of the Glashow-Iliopoulos-Maiani (GIM) mechanism [35], which states that the existence of the charm quark is necessary
to suppress the K° — u*u~ decay to the level observed experimentally. The measurement of K° — y*u~ in combination with the GIM
mechanism is therefore considered to be the indirect observation of the charm quark. The direct observation of the first particle containing a
charm quark was performed, as introduced in the previous section, four years later by Ting and Richter °. The quark-mixing formalism was
later extended in 1973 by Kobayashi and Maskawa to three quark families, leading to the Cabibbo-Kobayashi-Maskawa (CKM) matrix [38].
This 3 x 3 matrix would now depend on four parameters, three angles and one phase, which could introduce CPV into the SM via complex
couplings. The amount of CPV contained in the CKM matrix, however, seems not to be sufficient to explain the observed matter-antimatter
asymmetry in the Universe, see e.g. [39]. A timeline of key moments in charm physics is sketched in Fig. 6.

To conclude the excursus through the SM, the bottom quark was experimentally established in 1977 with the creation of the I’ resonance—
bottom and anti-bottom bound state 7. In 1986 the measurement of the oscillations of neutral B mesons indicated a large value for the
top-quark mass. The diagrams describing B%-meson mixing are similar to those sketched for K — u*u~ in Fig. 5, but they present
internal up, charm, and top quarks; due to both the different size of the CKM matrix elements involved and the very different hierarchies
m2/m?, ~ m2/m%, < 1 and m?/m?, > 1, the corresponding diagrams with internal top quarks largely dominates, strongly breaking the
GIM mechanism. The top quark was directly observed in proton anti-proton collisions in 1995 at the Fermilab Tevatron [40] and a third
generation of leptons was established with the discovery of the 7 lepton in 1975 at SLAC [41]. The mediator of the strong interaction,
the gluon, was discovered at the PETRA collider at DESY in 1979 by the TASSO [42], MARK-J [43] & and PLUTO [44] experiments,
while the gauge bosons of the weak interaction, that is the W* and Z, were discovered in 1983 at the UA1 experiment at the Super Proton
Synchrotron (SPS) - proton anti-proton collider - at CERN [45]. With the discovery of the Higgs boson in proton proton collisions in 2012
at the Large Hadron Collider (LHC) by the ATLAS [46] and CMS [47] collaborations, the complete spectrum of the SM particles has been
experimentally confirmed.

>In the modern language of particle physics, Nicola Cabibbo in 1963 proposed, based on symmetry arguments for the weak currents, that the mass and weak eigenstates
of the down-type quarks would not coincide but that the states weakly coupled would be a linear combination of the mass eigenstates, with coefficients depending on the
the Cabibbo angle 6, [34]. This work paved the way for the concept of "probability’ for a certain weak transition to happen.

9We note that there was an earlier direct detection - unfortunately only one event and no estimation of the background - for a charmed meson in a cosmic ray experiment
performed in 1971 in Japan [36]. The latter, however, was not noticed by Western scientists. Moreover, it is also interesting to note that, theoretically, the expected
properties of charmed particles were quite well known before their discovery, see the seminal review [37] whose preprint appeared three months before the J/y discovery.
"The Y resonance plays also an important role for current charm-production experiments, see Section 2.2.

8$Note that the MARK-J experiment at DESY is different from the MARK-I-III experiments at SLAC.
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Fig. 6: Timeline of key theoretical and experimental milestones in charm physics.

2.2 Charm experiments: production and cross-sections

After the discovery of the J/y particle, many new experiments were built at several different laboratories and a rich charm physics pro-
gramme was exploited. More information about the early charm physics experiments can be found at the end of this subsection. The more
recent charm physics experiments, namely BaBar at PEPII, SLAC, USA [50, 51, 52], Belle at KEKB, Tsukuba, Japan [53, 54, 55], together
with CDF at the Tevatron®, Fermilab, USA [56, 57], and CLEO/CLEO-c'? at the CESR, Cornell University, Ithaca, USA [58, 59, 60] have
provided a plethora of measurements. Their aim was to test the SM and search for BSM effects via precision data. This included, for
example, high-precision measurements of CPV and mixing parameters, of CKM parameters and of rare and forbidden decays.

Currently, charm physics is intensively studied at several experiments, at the LHCb experiment at the LHC, CERN, Switzerland [61, 62, 63],
see Fig. 7, at the Belle II experiment at the SuperKEKB collider in Tsukuba, Japan [64, 65], and at the BESIII experiment at the BEPCII
accelerator in Beijing, China [66, 67], both shown in Fig. 8. The other three big experiments at the LHC i.e. ATLAS, CMS and ALICE,
have also contributed to charm physics with measurements complementary to the LHCb’s programme. At all these experiments, charm
particles are produced in different processes and at different centre-of-mass energies, with the charm cross-sections giving the measure
of the corresponding production rates. Charm particles can be produced as a direct result of the beam collision, referred to as prompt
production, see Fig. 9, or as a result of the decay of another heavier particle, e.g. of a B meson, that was produced in the collisions. The

9 At CDF, charm particles were produced in proton anti-proton collisions at a centre-of-mass energy of 1.96 TeV.
10CLEO-c was the final upgrade of the CLEO experiment, optimised for studies of the charmed hadrons.

Side View ECAL HCAL M4 M5
Y
Magnet RICH2 e

SciFi
Tracker

LHCb MC
{s =14 TeV

6, [rad] ™2

6, [rad]

Fig. 7: At the LHC, heavy-flavour quark pairs such as bb, explicitly shown, and c¢ pairs are produced in the forward - or backward - direction (left).
Therefore, the LHCb experiment, and its upgrade (right) are designed as a forward spectrometer. Taken from [48, 49].
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Fig. 8: Experiments at electron-positron colliders: Belle II (left) and BESIII (right) - note that only the upper half of the latter is shown. Both
detectors are hermetic with a 47 geometry. At Belle II the beam energies are asymmetric and particles are boosted in contrast to those at BESIII.
Taken from [68, 66].

e’ C

Fig. 9: Example of charm-quark continuum production processes - prompt charm production - at electron-positron colliders. The charm anti-charm
quarks will hadronise into QCD bound states. Examples are ground-state mesons like DYDY, D*(D™) and D?(Dy), baryons like AY(A[) or excited
mesons D*O(D*), D**(D*") and D" (Dy7). Unless the collision energy is at threshold for pair production, both sides can hadronise into different
charm particle species.

E[MeV]
10579.4 4 T(48)
10559.4 == BBy
105658.8 =1 B*B~
10355.1 {- T(35)

Fig. 10: (Left) Secondary charm production at b-factories operating at the 1'(4S) resonance: the Y(4S) decays into B* B~ (and also BSBS) mesons,

which subsequently decay into charmed hadrons. (Right) Illustration of the most common energy thresholds: the mass of the B;B, and B* B~ meson
pairs is just below the mass of the ((4S) resonance.

latter case is referred to as secondary charm production, see Fig. 10 (left).

Charm at the asymmetric b-factories: The b-factories, Belle and BaBar, were primarily designed to study CPV in B-meson decays, but
have also produced numerous charm physics results. Electron-positron annihilation at a centre-of-mass energy corresponding to the mass of
the Y(4S) resonance is the main mechanism for producing entangled pairs of B mesons, as the mass of Y(4S) is sufficient to produce only a
B*B™ or BSBS pair. A significant number of charm particles can be created through secondary production via decays of B mesons produced
at the Y(4S) threshold, see Fig. 10 (right). However, the slightly more dominant production mechanism at the b-factories is prompt pro-
duction via the continuum process e*e~ — c¢¢ (non-resonant e*e~ annihilations), sketched in Fig. 9. At the b-factories the electron-positron
collisions are asymmetric in energy in order to ensure that the Y(4S) is not created at rest [69]. This energy asymmetry ensures that sub-
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Fig. 11: Production mechanism for quantum entangled charm meson pairs at the (3770) threshold at electron positron colliders. The mass of the
¥(3770) resonance is just slightly higher than the mass of the DD pair.
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Fig. 12: Cross-sections at electron-positron colliders as a function of the centre of mass energy Ecy or +/s for: (left) strange charm-meson pairs
measured by the CLEO collaboration and reprinted from [72] with permission - D;D; (red), DD, (green) and DD} (blue); (right) charm baryon
anti-baryon pairs as measured by the BESIII experiment [73] (red), compared to the measurements from the Belle collaboration [74] (green). The
non-flat structure of the Belle data in green corresponds to the resonant structure Y (4630), not confirmed by BESIII. Taken from [73].

sequent B-meson decays are boosted in the laboratory frame. In this way the decay length of the B mesons could be measured and the
time-dependent CP-violating effects in the B-meson system would not vanish. The beam energies at PEPII for BaBar were, respectively,
9.0 GeV for the ¢, and 3.1 GeV for e*; and at KEKB for Belle they were 8.0 GeV for the ¢~ and 3.5 GeV for the e*. The upgrade
of Belle to Belle II was made with the aim of collecting 50 times more data than its predecessor. This will be achieved by significantly
improving the accelerator complex, as summarised in [70]. SuperKEKB has already reached the world record instantaneous luminosity of
5.1 x 103*¢em™2 57! in December 2024, with an ultimate target of 6 x 103 ¢m™2s7!. The beam energies of Belle 1T are respectively 7.0 GeV
for the e~, and 4.0 GeV for the e*. The positron beam energy was changed to 4.0 GeV in order to increase the beam lifetime while accepting
a smaller boost [71].

Charm at threshold: BESIII is an experiment at the symmetric electron-positron collider BEPCII in Beijing, where data is collected at a
range of different centre-of-mass energies of about several GeVs. For each specific dataset collected, the beam energies are changed and
tuned to the collision energy point of interest. Each of the samples can then be used for unique studies, above, at, and below the open charm
thresholds, cf. Fig. 2. An example is the production of D°D%/D* D~ at the (3770) threshold via the process e*e™ — ¢¢, see Fig. 11, as the
resonance (3770) is the lightest state which can decay into pairs of neutral or charged charmed mesons. We note already here that at the
¥ (3770) threshold, neutral charm mesons are produced in a quantum entangled state which provides unique access to information about
hadronic decay parameters, as discussed in Section 2.5. At BESIII, the data sample for D; meson studies is collected in the energy range
[4.128 - 4.230] GeV, slightly above the DY D}~ threshold, and a small sample has been collected at 4.008 GeV, slightly above the D} Dy
threshold, cf. Fig. 2. In general, D, mesons can be produced at the threshold energy for D} D7 pairs, however, as it was shown in [72], the
cross-section for the Dy* D7 production is greater than that of D} D}, namely o(e*e”™ — D;*D;) > o(e*e” — D} Dy), see Fig. 12 (left).
Specifically, in [72] it was determined that the largest cross-section for D; mesons is at 4.17 GeV, as indicated by the green data points
in Fig. 12 (left), so that using the threshold for D**D; pair production!!, where the D** meson decays as D* — y/x°D?, results in the
most abundant source of charm-strange meson pairs. Other important data samples produced at BESIII are used for studies of the lowest
lying charmed baryons A;. Pairs of A7 A_ are produced at threshold in the energy region [4.6 - 4.95] GeV. The A is the lightest charm
baryon, and until 2014, when BESIII started taking data at the 4.6 GeV threshold, the information about its branching fractions was limited.
Since it is likely that A} baryons appear as an intermediate state in heavier baryon decays, the knowledge of their branching fractions is
particularly important. The production cross sections of charmed baryon A pairs in electron-positron collisions has been measured with a
high precision by the BESIII experiment [73], see Fig. 12 (right). Other key samples collected with the BESIII detector include about 10
billion J/¢ events, 2.7 billion (25 ) events, and a scan of about 150 different centre-of-mass energy points in the range [3.8-5.0] GeV used

”mDa;»f +mpy- = 4080.55(50) MeV and ZmD»;+ =4224.4(8) MeV.
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Fig. 13: Examples of charm-quark production processes at hadron colliders. The charm anti-charm pair subsequently hadronises.

for searches of exotic hadrons with hidden charm.

Charm at hadron colliders: Charm quarks can also be produced at proton (anti-)proton colliders, see Fig. 13. Here, the heavy-quark
flavour production occurs primarily due to gluon-gluon fusion, shown in the left and the middle diagrams of Fig. 13. These experiments
present the significant advantage of yielding production cross-sections several orders of magnitude greater than those achievable in electron-
positron machines, at the price of generating higher backgrounds and events complexity. In this case, in fact, having fast and efficient triggers
becomes essential 2. Moreover, due to the high collision energies, all different species of charmed hadrons can be created.

The major experiment for flavour physics at hadron colliders is LHCb, which is a dedicated experiment for b- and c-physics. At LHCb, pairs
of heavy cc quarks with large cross-sections are produced at unprecedented rates in inelastic proton proton collisions. Data was collected
at centre-of-mass energies of 7 TeV in 2011, 8 TeV in 2012 - both periods are referred to as Run 1 - and at 13 TeV in 2015-2018 - Run
2, followed by the Run 3 period which started in 2022 and is currently planned until 2026. In the long shutdown period before Run 3,
the LHCb experiment underwent a major upgrade [49]. The production of charmed mesons can also be studied at the ATLAS, CMS and
ALICE experiments at CERN '3, in either proton proton collisions or heavy ion collisions, with ALICE being dedicated to heavy ion and
quark-gluon plasma physics, and ATLAS and CMS being general performance detectors. For the latter two, the lack of hadron particle
identification limits the type of charm physics measurements they can perform.

The four big LHC experiments have provided open charm production cross-section energies in the range of [2.96 - 13] TeV [79, 80, 81, 82,
83, 84, 85, 86, 87, 88, 89,90, 91, 92, 93, 94, 95, 96, 97, 98, 99, 100, 101, 102, 103]. Among these, [82, 84, 85, 88, 93, 86, 95, 96, 98, 101, 103]
reported measurements of the charm baryons A}, 20, £F, 2+, Q0 cross-sections. At ATLAS, CMS and ALICE, open charm cross-section
measurements were taken in the central rapidity region |y| < 2.5 ' whereas at LHCb, the cross-sections were measured in the forward
rapidity region 2 < y < 4.5, hence providing a complementary coverage compared to the other three LHC experiments. This is particularly
valuable since cross-sections of open charm at LHCb correspond to measurements at very low values of the fraction of the total hadron
momentum carried by the interacting parton, i.e. at x < 107%, where x denotes the Bjorken scaling variable, and these are, for instance,
important inputs for fits/constraints of parton density functions '>. The combination and QCD analysis of charm production cross-sections
is performed by the PROSA collaboration [104]. Note that measurements of charm cross-sections not only allow to test perturbative QCD
calculations and to evaluate rates of processes at colliders, but they are also important for high-energy astroparticle physics e.g. for evaluat-
ing background for atmospheric neutrino experiments from atmospheric charm production [105, 106].

In heavy ion collisions, the charm production can be studied via e.g. proton lead and lead lead collisions, and in “fixed target mode”. These
experiments allow to look for signatures of quark gluon plasma - a state the Universe was in shortly after the Big Bang, where quarks and
gluons were not confined. If quark gluon plasma was produced in heavy ion collisions, the formation of ¢ bound states would be suppressed
by a mechanism called “colour screening”. The “fixed-target mode” is specific for LHCb, and this technique uses the experiment’s internal
gas target: the SMOG (system for measuring the overlap with gas) [107]. Open charm cross-section measurements in such an environment
allow to probe the nuclear partonic structure and study the hadronisation in a different regime, while charmonia production (suppression)
studies can test the presence of nuclear effects, as well as of a hot nuclear medium '®. The SMOG system was initially designed for precise
luminosity measurements but was re-designed to allow LHCDb to collect data in a fixed-target mode. SMOG allows the injection of noble
gases such as neon, argon, helium which then are used as a gaseous target system at LHCb. Results for charm production in lead neon and
proton neon collisions with SMOG can be found in [100, 102].

12Because of the high data rates and of other limitations like available storage, computing power etc., not all data can be recorded. Modern particle physics experiments
use trigger systems to make fast decisions about which events to record and which not. These can be implemented on several levels, both hardware- and software- based.
13Charm meson production is also studied in nucleus-nucleus collisions at SPS energies by the NA61/SHINE experiment at CERN [75]. The experiments at the heavy
ion collider RHIC at BNL: STAR and PHENIX also contribute to charm production studies [76, 77, 78].

14The rapidity of a particle is defined as y = (1/2) In ((E + p)/(E - pz)), where E is the energy of the particle, and p, is its longitudinal momentum.

15The parton density functions describe the probability of finding a parton, i.e. quark or gluon, with momentum fraction x inside a hadron. They encode intrinsic properties
of the partons and cannot be calculated in perturbation theory.

16 A comprehensive study of the effect of medium-induced gluon radiation on the parton splitting function g — &c in the QCD plasma was performed in [108].
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s (GeV) at Belle, at centre-of-mass energies ranging from the DODO threshold to
5 GeV, with the vertical lines corresponding to the y(3770), y(4040),
¥ (4160) and y(4415) resonances (reprinted from [111] with permission).
(Bottom) Differential cross sections of promptly produced D° mesons as
a function of the D° transverse momentum at centre-of-mass energies of
13 TeV at the LHCb experiment. Each curve corresponds to one rapidity
‘ ] . ; ; interval (bin), where five different bins have been considered. The exper-
production cross-sections at higher energies are measured in the imental data points are shown in black and are compared with different

centre-of-mass energies ra.nge from 3.8 to 5 GeV at BESIIL and theoretical predictions, shown respectively in violet, red and green (and
the results are compared with those of CLEO, BaBar and Belle ex- labelled in the legend of the figure) [94].

periments. The vertical red dashed lines correspond to the masses
of the charmonia states shown in the plot [110].

Fig. 14: (Top) Production cross-sections of DYD° pairs at the
¥ (3770) resonance as a function of the tag mode at BESIII [109],
with and without quantum correlation corrections, shown in red
and black respectively; the horizontal bands show the average val-
ues for all tag modes, as explained in Sections 2.3. (Bottom) The

Comparison between the main active flavour physics experiments: Several important features are required to ensure the success of a
flavour physics experiment. First, an excellent vertex reconstruction, which allows to identify the heavy flavour particles from the prompt
collision, as well as to distinguish the secondary from promptly produced particles. This is characterised by the vertex resolution and by the
impact parameter resolution !7. By constraining the flight distance of heavy flavour particles, experiments can more precisely access their
lifetime. Second, an excellent momentum resolution, translating into mass resolution, which allows to separate the different heavy flavour
particle species e.g. B® from BY. '® Third, an excellent particle identification, i.e. > 90%, with a few percent mis-identification rates, which
allows to distinguish different species of particles and suppress background levels. Hadron separation such as kaon - pion separation is
particularly important for CPV studies. Fourth, high trigger and reconstruction efficiencies, which are essential to maximise the number
of signal yields '°. Moreover, for time-dependent studies, excellent time resolution *°
particles. Finally, for studies of final states with neutral particles, precise reconstruction of the energy and position of photon and neutral

is imperative, as well as a significant boost of the

17The performance numbers quoted below are sourced to give the reader an appreciation of scale. There is enough variation between detectors that numbers quoted here
should be used only as a guide. The primary vertex resolution at LHCb in the transverse plane is 13 pm, while the resolution in the longitudinal direction z is 71 um (for
a vertex of about 25 tracks) [112]. The impact parameter is usually of O(10 — 100) um and measures the transverse distance of closest approach of a track to the primary
vertex. This parameter scales with 1/P7, meaning tracks with the highest transverse momentum have the best impact parameter resolution. The boosted direction has a
much larger resolution across all flavour detectors.

18The momentum resolution is commonly around 0.3-0.5 % of the total momentum for low momentum systems (1 GeV), and up to 1 % for higher momentum across Belle
11, BESIII and LHCb.

19The trigger efficiency characterises the ability of the trigger system to quickly identify correctly physics events of interest, and to record them for subsequent analysis
offline (as not all events can be recorded due to storage, computing limitations and rates). The reconstruction efficiency measures how well the detector identifies and
reconstructs the trajectories of the particles interacting with the material of the detector. The process starts from the detector readout, and transforms this into something
more understandable i.e. “hits” identifying where the particle passed. The “hits” are then connected to build segments of tracks in e.g. silicon tracking detectors, or
clustered to reconstruct an energy deposit e.g. in a calorimeter or scintillating detector, after which the information from the various sub detectors is combined to
reconstruct an electron, charged hadron, muon, etc.

20The time resolution depends on the measurements, however, to give a rough idea, the typical decay-time resolution at LHCb is about 40-50 fs, and the average decay-time
resolutions for D? and D* are of about 70 fs and 60 fs [113], 108 fs for D} decays [114] at Belle II.
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particles, such as 79, is essential.

Currently, the main active charm-physics experiments are BESIII [109], Belle/Belle II [111] and LHCb [94]. They show both similarities
and differences, providing complementary information on the study of charmed hadrons. While at BESIII and Belle II the cross-sections
are of the order of a few nb, at LHCb they are 10° times higher, see Figs. 14, 15. Moreover, at BESIII the charm mesons are produced
at threshold, and practically at rest, so the decay-time information is not accessible. Even though the collision energy is relatively low at
the Belle/Belle II experiments, the produced particles are highly boosted by the use of asymmetric electron-positron beams. On the other
hand, at LHCb, the boost is very high, a consequence of both the hadron collider production, see Fig. 7, and because the centre-of-mass
energy is in the TeV range. Due to the high boost that causes the charm hadrons to fly a certain distance before decaying, Belle/Belle II and
LHCb are excellent for time-dependent studies such as for measurements of lifetimes, neutral-meson mixing, and CPV, see Section 3. At
LHCDb, pairs of c¢ quarks are produced in the forward (and in the backward) direction. This is the reason for designing LHCb as a forward
spectrometer. In contrast, BESIII and Belle/Belle II are detectors with cylindrical symmetry and 47 acceptance coverage surrounding the
interaction point. At BESIII and Belle/Belle II, the environment is very clean and the background is low. This is particularly true for BESIII,
because of the production at threshold, and the constraints on the full kinematics. The clean environment of both experiments makes them
particularly suitable for studies with neutral particles. In summary, a comparison of the main features of the LHCb, Belle/Belle II and
BESIII experiments is shown in Table 2.

Exp. Collider Centre-of-mass Cross- Integrated lumi. Time-dep. | Full kin. | Backgr. Neutrals
type energy section [~ #cc pairs] studies constr. efficiency
LHCb 7,8 TeV 1.6 mb 3fb7!
[~5-10'%]
forward pp 13 TeV 2.4 mb 6 fb! yes no high low
spectrometer [~ 10'3]
13.6 TeV > 2.4 mb 9 — 50 fb!
[>~ 10
Belle/ 10.58 GeV@T(4S) 1/~0.5— 50 ab~!
Belle II
DO 1.1nb [~ 10°/10° - 10']
asymmetric yes no low high
hermetic ete” D, 0.6(0.3)nb | [~ 10°/10% - 10'0]
detector(s)
Ac 0.2-047nb | [~ 103/107 - 10°]
BESIII 3.8 GeV@y(3770) 20 fb~!
DD, D*D~ 3.6,2.8 b [~ 10%]
hermetic symmetric 4.13 -4.23 GeV 7.3 fb! no yes low high
detector ete” DDy 1 nb [~5-10°]
4.6 -4.7 GeV 4.5 fb7!
AcA, ~0.2nb [~ 0.8-10%]

Table 2: A summary of the main active charm physics experiments LHCb, Belle/Belle II and BESIII, comparing features such as the type of collider,
the centre-of-mass energy, the cross-section either for c¢ pairs, in the case of LHCb, or for specific charm particle species, in the case of Belle/Belle 11
and BESIII, and the integrated luminosity of the collected or planned (denoted by —) data samples with the approximate number of ¢¢ pairs produced
(the numbers in brackets accompanied by — correspond to future planned data samples). In the last four columns further properties of the detectors
are compared, namely whether they are suitable for time-dependent studies, if they allow for full kinematic constraints, how large is the background
level, and the efficiencies in analysing final states with neutral particles. The number of ¢¢ pairs is taken from [115, 116].

~ o~ o~ o Overview of early charm physics experiments o ~ o ~ o ~

Early charm physics experiments were important to establish the charm particles production, behaviour and properties such as mass, life-
time, decays and branching fractions, etc. A great number of experiments took place at Fermilab, USA, briefly summarised in [117].
Among these, a series of experiments was built [118], where each of the later versions was an upgrade of the previous detector, starting
with the ES16 [119], upgraded to E691, also known as the Tagged Photon Spectrometer [120], the E678 [121], and the E791 [122]. The
experiments E516 and E691 used photo-production, where charm particles were produced as a result of shooting a high-energy photon
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beam incident on a beryllium target, while the E769 and E891 experiments used hadron beams. Other early charm experiments at Fermilab
were the E400 [123], which studied charmed particle production from neutrons, the E653 [124], that studied charm particles produced by
high-energy pion and proton beams with a hybrid emulsion spectrometer, the photo-production experiment E687 [121], later upgraded to
the high-intensity FOCUS experiment (also known as E831) [125], and the E743 experiment, that used a proton beam on a fixed target and
a liquid hydrogen bubble chamber (LEBC) with the Fermilab multi-particle spectrometer [126]. The SELEX experiment E781 was built to
study charm baryon physics, for which a charged hyperon beam at 600 GeV was used on copper or diamond targets.

At CERN, several experiments carried out studies of charm particles production and of their properties. These were in the North Area,
at the SPS accelerator, e.g. the photo-production NA1 experiment [127], the NA11 and the NA32 2! (and its upgrade) experiments of the
ACCMOR collaboration [128, 129], the NA14 [130], the NA25 (HOBC) [131], and the NA27 (LEBC-EHS collaboration) [132]. In the
West Area, there were the experiments WA04 [133], WAS8 [134], WA75 [135], WAS82 [136], WA89 [137], WA92 (a.k.a BEATRICE) [138],
etc. At DESY, Hamburg, after the early experiments DASP (Double-Arm-Spectrometer) [139] at the e*e™ storage ring DORIS, and PLUTO
and TASSO [140] at the e* e~ storage ring PETRA, the ARGUS experiment at the DORIS-II e*e™ storage ring [141] was built to study the
properties of beauty and charm quarks. The KEDR experiment at the VEPP-4M e* e~ collider at the Budker Institute of Nuclear Physics in
Novosibirsk, Russia [142] was also designed for studying the c- and b-quarks.

SLAC was a home of multiple experiments contributing to our understanding of charm physics, which include the HRS experiment at PEP
(Positron-Electron Project) [143], the Crystal Ball experiment at the SPEAR e*e™ storage ring [144] (later moved to DESY and BNL),
and the MARK-I-III experiments at SPEAR [145], where several of the first observations of charm particles were made. The MARK-III
experiment was optimised to study the decays of J/i, higher i resonances and open charm decays. It pioneered the tagging technique, see
Section 2.3, with D meson pairs produced at threshold, and later used at CLEO-c and BESIII. The main goal of the CLEO experiment was
to study the properties of B mesons at an e*e” collider, but with the rise of the b-factories Belle and BaBar, CLEO’s focus shifted to charm
physics and the studies of other, lighter particles. The experiment was upgraded several times and the last upgrade was dubbed CLEO-c. In
the years before CLEO-c, the experiment took data mainly at centre-of-mass energies corresponding to the mass of the T(4S) resonance.
Smaller data samples were taken at other thresholds i.e. other centre-of-mass energies corresponding to the masses of the narrow resonances
T(nS), n=1,2,...,5, or just below those thresholds, i.e. via continuum charm-quark production [146], see Fig. 9. During the CLEO-c
operation, the experiment took charm data at threshold. Neutral charm meson pairs produced in this way are quantum correlated, and the
interesting information which can be measured uniquely in this mode of production will be discussed in Section 2.5. These experiments
were also excellent to study decays with missing particles/energy in the final state, e.g. neutrinos, K|, etc., as the beam energies are precisely
known and can be used as a kinematical constraint. At CLEO-c, several different samples for studying open and hidden charm were col-
lected. Data was taken at centre-of-mass energy of /s = 3.77 GeV, in order to study the properties of the D°/D* mesons and at /s = 4.17
GeV for D, physics. While ¢(3770), and higher mass resonances, can decay via two charm mesons, the J/¢ and the ¥/(2S) resonances are
too light, see Fig. 2, and decay via a c¢ annihilation. To study them, a sample of collision data was taken at the heavier (25 ) resonance.
Moreover, an energy scan in the region [3.97 - 4.26] GeV was also taken.

Although not primarily designed for charm physics, several other experiments studied charm production. Charm quark production, and
forward-backward asymmetries for charm pairs production in e*e™ annihilations were also studies at the VENUS, TOPAZ and AMY ex-
periments at TRISTAN, KEK, Japan [147] and at LEP, CERN, (at the Z resonance) by the ALEPH [148], DELPHI [149], OPAL [150], L3
experiments [151]. At LEP, the production of charm particles was also studied in photon photon collisions [152, 153, 154] (ALEPH, L3).
Charm spectroscopy and (semi)leptonic branching fractions measurements were performed as well. Charm production was also studied at
ZEUS and H1 experiments at the lepton (positron or electron) proton collider HERA, in deep inelastic scattering as well as in photoproduc-
tion processes [155, 156, 157, 158].

In addition to the above experiments, other interesting cases of charm production are for example the charm studies done at the CHORUS
experiment at CERN, primarily built to study v, — v, oscillations. At CHORUS, the charm production induced by high energy neutrino
interactions was studied in nuclear emulsions with high spatial resolution [159]. The hybrid emulsion detectors were also used at E531 at
Fermilab [160] which, at the time, lead to the best measurement of charmed particle lifetimes.

2.3 Identifying the flavour of the charm hadron species

The flavour of the hadrons produced at the experiments is identified through tagging, a procedure which allows us to reconstruct the prop-
erties of a specific particle, as well as to reduce the background contributions. For instance, being able to correctly identify the flavour of
neutral D mesons is mandatory for CPV and meson mixing studies.

The tagging methods depend on the different production mechanisms of the charmed mesons. The hadronisation of ¢¢ into charmed hadrons,
one of which could be an excited D* meson, as well as the decay of the excited D* mesons into ground state D mesons and pions - see
Fig. 16 - are QCD processes that happen at times scales below 1072 s, which are far below the experimental time-scale resolution. These

21The NA11 and NA32 experiments have been credited for having introduced for the first time the use of silicon detectors, without which modern charm physics would
be unthinkable.
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Fig. 17: Tagging of prompt (left), secondary (middle) and doubly tagged (right) charm decays in proton-proton collisions. Prompt decays (i.e. decays
of promptly produced charm mesons) are usually tagged by the charge of the soft pion in the strong decay D** — D%z*. Decays from secondary
production can be efficiently tagged with the charge of the muon in semileptonic B-meson decays such as B — DO;fT/HX . These are both examples
of singly-tagged decays. Doubly tagged decays such as B — D**(— D%z*) v, X are tagged by both the charge of the soft pion and of the muon.

interactions will thus look point-like in the detector. Nevertheless, the flavour of promptly produced D° mesons in the collisions can be
identified via the charge of the pion which is created in the strong decay D** — D%z* - and similarly D*~ — D%z~ for the D° mesons, as
shown in Fig. 17 (left). Because of the small mass difference between the masses of the D** and the D mesons (slightly above 140 MeV),
the transferred energy is sufficient to produce only one soft pion, where m,+ ~ 139.57 MeV, significantly reducing the background level.
Note that prompt charm production actually produces considerably more D° mesons, compared to excited D** mesons. However, tagging
is much more difficult for directly produced D° mesons.

In the case of secondary charm production, first, B mesons are produced in the initial e*e~ or hadron collision, then they subsequently decay
into D mesons, cf. Fig. 10. These latter decays can be, for example, semileptonic B-meson decays with large branching fractions of the
order of 10%, such as B — D% 9,X - and B — D°u*v, X, where X stands for a arbitrary set of unreconstructed particles. Now the charge
of the muon arising in the semileptonic decay can be used to tag the flavour of the charm meson, see Fig. 17 (middle). Both at LHCb and at
Belle II, the B mesons are heavily boosted and their relative long lifetime (of the order of 1.5 ps) can be experimentally resolved. Thus the
decay vertex of the semileptonic B decay is displaced from the original interaction point.

Decays from the prompt and secondary production processes described above are called singly tagged. In addition, one can consider dou-
bly tagged decays, that is secondary charm production processes where the B meson decays into excited charm mesons, e.g. B — D**(—
D7*) v, X, which can then be tagged by two particles, namely both by the charge of the soft pion and by the charge of the muon, see
Fig. 17 (right).

The D** tagging technique is used at the LHCb experiment (and historically at CDF), and at the Belle/Belle II (also at BaBar). Only the
LHCb experiment uses secondary production — the relative yields and advantages of using both tagging techniques being outlined below
— although, in principle, this technique could also be used by the b-factories. To increase the yield of prompt charm samples >, the Belle
II collaboration has developed a more complex tagging technique based on machine learning methods. The algorithm looks not only at the
flavour at production (D**-tagged events) but also takes into account the electric charge of the particles reconstructed in the rest of the event
(ete” — co) [161].

~ o ~ o A note on the use of prompt and secondary production in CPV and mixing analyses at LHCb o ~ o ~

Neutral charm meson identification is indispensable for measurements—presented in the suceeding chapter—of CPV, measurements of
important quantities such as the asymmetry, AAcp, and measurements of the mixing parameters x and y. Measurements of the mixing
parameters were performed using both prompt and secondary decays, with prompt and the secondary samples being independent and com-
plementary. The prompt and secondary samples are usually separated by e.g. the “impact parameter” (IP). In prompt decays, the trajectory

2]t is expected that the yield of D** — D%(— K~ n*)x* decays is about 5 times smaller than that of untagged D® — K~n* decays at Belle/ Belle I [161].
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of the reconstructed D meson points to the primary vertex where the charm meson was produced, while for secondary charm mesons, this
is generally not the case. The chi-squared value )(IZP is a measure of how well the trajectory of the decay product aligns with the primary
vertex. Decays from prompt production are typically characterised by a small )(Izp. In CPV and mixing analyses, it is necessary to distin-
guish between prompt and secondary production as the decays stemming from the latter production can introduce a bias in the decay-time
distribution if they are mistaken for decays from prompt production, since the B-meson flight path could be taken as contributing to the D-
meson flight path. In this type of analyses, one often needs to correct for the production asymmetries; where in the prompt case this means
correcting for D-meson production asymmetries, and for the secondary case it means correcting for B-meson production asymmetries.

So far, results using secondary charm production have only been reported by the LHCb collaboration. Decays from secondary production
are delayed by the lifetime of the B meson, therefore the D-meson decay vertex is displaced from the busy proton proton interaction region.
This is an advantage with respect to prompt decays which can be much more difficult to isolate. However, during analysis one requires
that the D-meson decay vertex does not coincide with the proton proton interaction region. This requirement leads to the removal of the D
mesons that decay very close to the interaction regions, indicated by very small values of the decay time in Fig. 18. This is not a problem
for secondary production because of the preceding B-meson decay, and these decays give access to low decay times as demonstrated in
Fig. 18.

The prompt charm production from D* gives access to large yields but it is important to carefully separate the contributions from secondary
charm productions for the reasons outlined above. With muon-tagged charm decays, there are lower yields and higher levels of combi-
natorial backgrounds. Additionally, possible mistag effects need to be taken into account, where mistag refers to the association of the
incorrect tagging particles to the decay, thus identifying the D° incorrectly. However, doubly-tagged charm decays, where charm mesons
are produced via the decay of the D*, in e.g. B® — D**(— D7) 1~ v, X have an extremely clean signature, see Fig. 17 (right). While the
muon and double tagged samples are smaller, they provide additional information and are independent from the prompt samples. To get an
idea about the relative size of these samples at LHCb, the prompt sample of D° — K* K~ decays contained ~ 44 M decays, while the muon
single tagged sample contained ~ 9 M decays [28]. In both cases these numbers represent the data samples collected in Run 2 by LHCb.
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Fig. 18: The mixing observables R* (top), R~ (middle) and
their difference (bottom) (see [162]). The data-points in red Table 3: Examples of tag modes for the DY, D* mesons and the A}
correspond to secondary (doubly-tagged) charm, and they baryons.

can reach very low decay times, while this is not possible

for prompt decays (in black) because of the kinematic re-

quirements imposed to reduce the background levels. Taken

from [162].
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Fig. 19: Example of tagging used for charm production at threshold at e.g. BESIIL. The information from the tag side is used to pin down the
properties of the D meson decaying on the signal side.

For charm particles produced at threshold in electron-positron collisions, the tagging method is different. At threshold, two charm particles
are produced back to back, see Fig. 19, and one side defines the tagging side, while the other one is the signal side. In this case, two tagging
procedures are possible: i) Only the signal side is considered, which is called single tag 23. A single tag can be used for a very clean
decay mode, simply meaning that the signal final state is fully reconstructed. ii) Since at electron-positron colliders the energy of the beams
is known with very high precision, one can take advantage of the full kinematic constraint and use a double tag for D, mesons or A,
baryons, meaning that both sides are reconstructed. This double tag technique was pioneered by the MARK III collaboration at the SLAC’s
SPEAR storage ring [163]. The background level is typically reduced by selecting events within a certain interval of the distribution of the
beam-constrained mass of the tag-side charm meson, defined as Mpc = (Ef,eam -1 ﬁ[aglz)” 2, where Epean is the beam energy, and Prag s the
momentum of the D meson on the tag side in the e*e™ centre-of-mass frame. Another useful kinematic variable is the energy difference
defined as AE = Eyy — Epeam, Where Ey, is the energy of the tag-side D meson, typically used for D° and D* decays. For D decays,
as most data is collected via D{*D7 pair production, where the energy is not evenly distributed between the two candidates, the recoil

N 12 ) . .
mass M. = ((ECM - ﬁtaglz + m%:) -1 ﬁmglz) , where Ecy is the centre-of-mass energy, and mp- is the known mass of the tag-side

Dy meson, is used to suppress multiple candidates. For leptonic and semileptonic decays on the signal side, e.g. D — (X)¢*v,, where
the neutrino escapes undetected—or generally for events with missing energy—the kinematic variables used are the missing mass Mpss
or Uniss = Emiss — Pmiss- The missing energy, Eniss, and momentum, pp;ss, can be calculated because the energies of the electron positron
beams, and the four-momenta of the final state particles leaving signal in the detectors (both on the tag side and the signal side) are measured
precisely. A list of tag modes for the D°, D¥, D* mesons and the A} baryons is presented in Table 3. The double tag technique at threshold
allows for measurements of absolute branching fractions, decay constants/form-factors, CKM parameters, lepton flavour universality tests,
etc., as it will be discussed later in the succeeding chapter.

2.4 Spectroscopy - the zoo of charmed particles

Because of confinement, hadrons must be colourless i.e. they have to transform as singlets under the action of the QCD symmetry group
SU(3)., whereas quarks are colour charged and transform as triplets under SU(3).. Group theory tells us that combining a quark and an anti-
quark results in single and octet representations i.e. 3. ® 3. = 1. @8, while combining three quarks gives 3. ® 3. ® 3. = 1. @ 8. & 8. @ 10,
where again the colour singlet representation can arise. Thus, both QCD bound states composed of a quark and an anti-quark i.e. mesons,
and of three quarks i.e. baryons, are allowed by the colour symmetry, and the hadron classification into baryons and mesons forms the
basics of the so-called naive quark model. However, more complex structures are also permitted by the QCD symmetry group and states
composed of e.g. two quarks and two anti-quarks, so-called tetraquarks (3. ® 393.93.=1.@...) or four quarks and an anti-quark,
so-called pentaquarks (3, ® 3, ® 3. ® 3, ® 3.=1.0..)arealsoin principle possible. These QCD bound states are called exotic hadrons.

Hadronic bound states can be further classified according to flavour symmetries, see e.g. the review [164]. Assuming the masses of the up
and down quarks to be the same leads to the SU(2)r symmetry group, this is the isospin symmetry, i.e. the symmetry under the exchange
u < d—assuming equal masses for the up, down and strange quarks—results in a larger flavour symmetry group, the SU(3)r. This has three

23In the literature, it is also common to refer to single-tagged analyses as untagged, and double-tagged analyses as tagged. Note however, that the terms single tag and
double tag have a different meaning for charm physics analyses done at LHCb and at threshold: at LHCb this refers to tagging the flavour of a secondary neutral charm
meson with two tagging particles (soft 7 and u), and at BESIII, the double tag refers to using information from both sides of the event, and reconstructing both D mesons
produced simultaneously.
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SU(2) subgroups. One corresponds to the isospin symmetry, one to the so-called U-spin symmetry, i.e. the symmetry under the exchange
d & s, and one to the V-spin symmetry, i.e. the symmetry under the exchange u < s. Enlarging the symmetry group to also include the
charm quark, further leads to the SU(4)r symmetry group. Note that, while isospin symmetry is a good symmetry of QCD due to m,; = m,,
U-spin is only an approximate symmetry, broken by the larger value of the strange quark mass with respect to that of the down quark. The
size of SU(3)r breaking is parametrically of the order O(m/Aqcp). As for the SU(4)r symmetry, this is badly broken due to the much larger
value of the charm quark mass. However, the SU(4)r symmetry group can be used to obtain a classification of the possible charm multiplets.

Following the SU(4), flavour symmetry group, we find for the charmed mesons 16 possible configurations i.e. 45 ® 4 = 1z ® 15, the
corresponding ground and excited meson states are depicted in Fig. 20. Experimentally, the ground states of the open charm meson system,
the D°, D*, DY mesons, are well known. The two lightest D mesons, the D° and the D* - combinations of the charm quark with the u and
d anti-quarks, were also first observed by MARK-I in 1976, about a year and a half after the J/y discovery [166, 167]. The first reported
decay of an excited charm meson >* is the strong decay D** — D%z* 2° observed at SLAC in 1977 [168], which is nowadays very important
for the identification of the flavour of neutral charm mesons. First evidence for the D} meson, the combination of a charm quark with
strange antiquark, was reported by the DASP collaboration at DESY also in 1977 [14], with a mention of excited states in [169]. However,
it was not until 1983 that the discovery of the D} meson was announced by the CLEO collaboration [170].

According to the SU(4)r flavour symmetry, for charmed baryons the possible representations are 4y @ 4r ® 4 = 4r ® 20F ® 20F © 20F,
see Fig. 21. The lightest ground state charm baryon A} (udc) was observed for the first time in 1979 by the MARK II experiment [171]. The
A} baryons are particularly interesting because they can be described theoretically as a system of a light di-quark (ud) with isospin zero
coupled to a heavier quark (c), therefore the dynamics of the charm quark can be deduced from the properties of the A;. All the nine ground
state charm baryons with one charm quark have been observed. They can be classified into A, baryons, composed of two light quarks
with isopin zero i.e. A} (udc), I, baryons, composed of two light quarks with isopin one i.e. Z2(ddc), =7 (udc), * (uuc), the E. baryons,
composed of one light quark and one strange quark, i.e. 27%(dcs), 2 (ucs), where the primed baryons are needed to complete one of the
flavour symmetry representations, and the Q. baryons, composed of two strange quarks i.e. Q°(ssc). Among the baryons with two charm
quarks, only the E*(ccu) has been observed experimentally by the LHCb collaboration [172], by now in several decay modes, see the right
plot of Fig. 22. The SELEX experiment has reported the observation of the E/.(ccd) baryon [173], however, these have not been experi-
mentally confirmed by another experiment [174, 175, 176]. The Q¢ (ccs) and the Qf(ccc) baryons have not been seen yet. Many of the
excited charm baryon states have been seen, one particularly interesting case is the observation of very narrow €. baryon states [177] - later

2*When the D* meson was discovered in electron-positron annihilations at centre-of-mass energy of 4.03 GeV [167], the presence of a state with a mass of about 2 GeV/c?
was also noted. It was thought that this could be the corresponding excited state but no further information was available.

25In this case, and in many other cases in this paper, we have specified only one of the charges: D** — D%+ while we implicitly imply the usage of the charge conjugated
mode D*~ — D%z~ as well.

(©) 7

Fig. 21: The SU(4); multiplets 20 with J¥ = 3/2% (a), 205 with
JP =1/2* (b) and 4F (c) of baryons composed of u, d, s and ¢
quarks, where J and P denote the particle spin and parity, respec-
tively. Baryons with one ¢ quark are one level up from the lowest
level, followed by a level of baryons with two charm quarks (only
one of which has been experimentally confirmed). On the top of

the pyramid in (a) there is a single baryon with three charm quarks

Fig. 20: SU(4)F multiplets 1r & 155 of the pseudoscalar (a) and which has not yet been observed. Taken from [165] with permis-
vector (b) mesons made of , d, s and ¢ quarks. The lightest mesons sion.

and the cc states are in the central plane. Taken from [164] with
permission.
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Fig. 22: (Left) Several narrow excited Q. resonances from [178], the contributions are described in the legend: the five narrow peaks in blue are
excited Q. resonances seen in an earlier version of this study, and the brown and red peaks correspond to newly discovered excited . resonances;
the contributions in yellow are feed-downs from partially reconstructed decays as shown in the legend. (Right) Invariant mass distribution of =}
baryons reconstructed in the A} K~z z* final state, taken from [172].

confirmed in [178, 179], see the left plot of Fig. 22. For a detailed overview of the observed charm baryons, and their excited states see [164].

As already introduced above, all particles beyond the baryons and meson states postulated in the naive quark model [31, 180] are referred
to as exotic hadrons. Both tetraquarks and pentaquarks have by now been experimentally observed, while searches for hexaquarks are still
ongoing. These exotic states were referred to as XYZ states, but in recent years new naming conventions have been proposed [181]. The
first exotic hadron that did not fit the naive quark model was the charmonium-like state y.;(3872), 26 also known as X(3872), discovered in
2003 by Belle [182] in B* — J/yK*n*n~ decays. This particle is compatible with a c¢ state but it is not predicted as a part of the charmonia
spectrum. Tt is interesting, as it is produced at the D°D% threshold. The first pentaquark state was discovered in 2015 by LHCb [183] in
Ay = J/YK™ p decays, it was interpreted as a (uccud) state and named P.(4450)* 2728 Common interpretations of hadrons with at least
four quarks have not yet reached consensus whether they are composed of tightly bound quarks and antiquarks, or they can be interpreted
as weakly bound molecules of e.g. mesons; analogously, pentaquarks can be interpreted as a bound state as well, or as a meson-baryon
molecule. Other interesting exotic hadrons with charm quarks are the T..(3875)" state with two charm quarks (cciid) at the D°D* threshold,
and of a T.zz(6900) decaying into a pair of J/¢ mesons.

Charm, charmonia and exotic hadron spectroscopy is a very active field. For detailed theory reviews we refer e.g. to [185, 186, 187, 188,
189, 190], while recent experimental results and summary plots can be found in [16, 191], and at the Quantum Working Group Exotics
hub [192]. For instance, among the recently discovered 79 particles at the LHC, 52 contain charm quarks, see Fig. 23; additionally, 10 and
16 particles with charm content have been discovered by BESIII and Belle/Belle 1I experiments [192], respectively.

Note that in the remainder of this chapter, we will focus on open charm physics.

2.5 Quantum entanglement

Based on earlier ideas of Einstein, Hermann, Schrédinger and Weyl, Einstein, Podolsky and Rosen proposed in 1935 quantum entan-
glement [193] as a hypothetical concept, in order to prove that quantum mechanics is incomplete. However, by now this concept is
experimentally well established and was even awarded with the Nobel prize, e.g. in 2022 to Aspect, Clauser and Zeilinger. In a nutshell en-
tanglement means that a measurement performed in one system can give access to information about another system, at a different location,
instantaneously. Quantum entanglement is a fascinating phenomenon dubbed “spooky action at a distance” and the basic idea behind it is
sketched in Fig. 24. This intriguing property is exploited by experiments such as KLOE and KLOE-2 running at the ¢ resonance to create
entangled K mesons, MARK III, CLEO-c and BESIII to create entangled D° mesons, and BaBar, Belle and Belle II [194] running at the
Y'(4S) resonance to create entangled B® mesons. These experiments can be used for tests of the fundamental discrete symmetries T (time),
CP (charge-parity), and CPT symmetries.

When pairs of neutral charm mesons are produced at threshold via the strong decay of a c¢ resonance y(3770), the resulting charm mesons
are in a quantum entangled state i.e. e*e” — ¥(3770) — (1/ ﬁ)(IDO)ll_)()) — |D%IDOY), see Figs. 11 and 24. The ¥(3770) is a C-odd state,
where here C stands for charge conjugation. The charm mesons are produced with a coherent anti-symmetric wavefunction with an odd
charge parity C = -1. After production, the charm mesons evolve coherently. Measurements of the properties of one charm meson give

26Here the number between the brackets indicates the approximate mass of the particle in MeV2.
7In more recent studies [184], it was confirmed that instead of a single peak there are two narrow overlapping peaks, P (4440)* and P.(4457)*.
28 Note that the papers reporting these observations are the top cited Belle and LHCb physics papers.
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immediate information about the properties of the other meson in the pair. The two neutral mesons can be detected either as a D°D° pair:
states with well defined flavour, or alternatively they can be detected as states with well defined CP quantum number: D¢p; Dcp-, where the
CP eigenstates are defined as a linear combination of the flavour eigenstates, i.e. Dcp. = (1/ \/5)(D0 ¥ D). Data from quantum correlated
charm pairs produced at experiments like CLEO-c and BESIII provides important information for measurements of the CKM angle y, a key

parameter of the SM, and for measurements of neutral charm mixing parameters.

3 Basics of charm physics

3.1 Peculiarities of charm

The physics of the charm quark shows several interesting peculiarities, with very different properties than, e.g. the B and K systems:

The charm quark is neither too heavy nor too light: the charm quark is not really heavy with respect to the typical hadronic scale
Aqcp, which we can take to be of the order of few hundreds MeV 2°. This implies that the expansion of an observable A in inverse
powers of the charm-quark mass may not necessarily converge. Such an expansion would for instance look like:

AQCDAl . (/\QCD
mC m(‘
where, for m. ~ 1.5 GeV and Agcp ~ 0.5 GeV, the expansion factor naively reads Aqcp/m. = 1/3. Hence, if all the coefficients A; are

of similar size, the series may converge but the theory prediction will be very sensitive to higher power corrections in 1/m,.
The strong coupling is large: the strong coupling at the scale of the charm-quark mass is quite large, i.e. as(m.) =~ 0.3. Thus the pertur-
bative expansion for a charm observable B in the strong coupling may not converge well enough. The latter, would read schematically:

(C))

2
A=Ap+ )A2+...zA0+O.33A1+0.11A2+..., 3)

B=By+aB +a’By+...~ By +03B, +0.09B, +....

Again, if all the coefficients B; are of similar size, then the series might converge, but in any case the theory prediction for B will be very
sensitive to higher order corrections in the strong coupling. When the coupling becomes too large, perturbation theory breaks down and
one has to rely on non-perturbative methods like lattice QCD ** or QCD sum rules’'.

Cancellations: in many observables of the charm system severe cancellations arise. Because of this, it may be particularly challenging
to verify whether an expansion in inverse powers of the charm-quark mass or in the strong coupling actually converges. To this end, it
is convenient to classify charm observables according to the strength of the cancellations entering their SM predictions, namely

2Note that Aqcp does not necessarily coincide with the pole of the QCD beta function, namely the scale at which the strong coupling becomes non-perturbative.

30The method of lattice QCD [195] allows a direct numerical evaluation of the path integrals in quantum field theory, obtained by discretising the space time and without
performing a perturbative expansion, see e.g. the textbook [196].

31QCD sum rules [197] represents a phenomenological approach to estimate hadronic matrix elements, see e.g. the textbook [198].
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Fig. 23: Besides the Higgs boson, 79 new particles have been discovered at the LHC, and 52 contain hidden or open charm. Taken from [191] with
permission. See the Quantum Working Group Exotics hub [192] for similar interactive plots with results from all experiments.
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Fig. 24: Using Schrodinger’s cat to visualise the concepts of non-locality and quantum entanglement for the state (1/ \/i) (IDO)IDO) - IDO)IDO)).
This entangled state can be created via the decay of a ¥/(3770) resonance into two D mesons, denoted by D; and D;. A priori we do not know
whether D, (and D») is a D° or DY meson, but as soon as we measure e.g. Dy tobea D meson, then immediately D is fixed to be a D° meson.

Consider a purple and a green box.

* Both boxes *
get separated
the content

of the other box
is fixed

a. No cancellations — This is the case for quantities like the total decay rate of the D° meson or the tree-level decay amplitude for the
decay D° — K*K~.

b. Strong cancellations — This is the case for quantities such as the total decay rate of the D* meson or the tree-level decay amplitude
for the decay D° — n%z°. For the former, in the theory prediction obtained within the heavy quark expansion, the leading contribu-
tion from the free charm-quark decay almost exactly cancels the one due to the dimension-six four-quark operators - the so-called
“Pauli interference”. For the latter, the corresponding combination of Wilson coeflicients entering the effective Hamiltonian, see
Section 3.2, cancels to a large extent at LO-QCD, making this observable particularly sensitive to higher-order QCD corrections.

c. Extremely pronounced cancellations — This is the case for quantities like D-mixing, see Section 3.4 and the succeeding chapter. In
the theory prediction, obtained within the heavy quark expansion, the sum of the relevant contributions amounts to about 0.1%o of
any of the individual contributions, making the final result extremely suppressed.

4. Tiny amount of CPV: in the SM, CPV in the charm system is proportional to the small parameter Im[(V,; V), )/ (Vea V) )] = 6 - 1074 [16].
A measurement of sizeable CPV effects could thus be a strong indication for BSM physics.

5. Complementarity to the bottom- and strange-quark system: loop-induced charm-quark decays and D°-meson mixing proceed via
virtual down-type quark contributions providing a unique sensitivity to possible BSM effects in up-type quark decays and complement-
ing bottom- and strange-quark decays.

6. Clean experimental signature of D® mesons: experimentally it turns out that the difference between the mass of D** and the D°
mesons is just above the charged 7 mass. Pions produced in the strong decay D** — D°z* are very soft but the signature of the decay
is very clean and it allows for extremely efficient tagging and background reduction.

At first sight, the peculiarities 1. - 5. make the theoretical description of the charm system more challenging, which is one of the reasons why,
often, theory predictions rely on the use of symmetries like SU(3)r, the symmetry under the exchange u < d < s, or U-spin symmetry,
the symmetry under the exchange d < s. Note however, that these are only approximate symmetries of QCD and are broken by the sizable
value of the strange quark mass as compared to the one of the up and down quarks. At the same time, the above properties can also become
virtues. As some observables are very sensitive to higher orders in the expansion parameters, they constitute an ideal testing ground for the
available QCD-based methods. Moreover, being many quantities very suppressed or even zero in the SM, they provide important null-tests
of the SM, with a high sensitivity to NP. The most promising approach remains therefore to confront the current theoretical methods for
the study of charm-quark decays with the corresponding measurements, to try to answer the question of whether or not an expansion in the
strong coupling or in inverse powers of the charm-quark mass can be applicable.

3.2 The effective Hamiltonian

In this section, we give a brief introduction to the concept of the effective Hamiltonian, a fundamental tool for the study of weak charm-
quark decays. It is instructive to start from the simplest example of a weak decay, the muon decay u~ — v, + e~ + ¥, since, to good
approximation, QCD effects can be neglected 2. The Feynman diagram describing this process is sketched in Fig. 25. Neglecting in the W
propagator the virtual momentum k of the W boson, which is of the order of the muon mass, i.e. using mfl < m%[,, the resulting decay rate,

32QCD effects arise first at the two-loop order.
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d

Fig. 26: Examples of Feynman diagrams describing the weak decay ¢ — sdu at tree-level (left) and at 2-loop in the strong coupling (right).

which equals the total width I" of the muon, reads - see e.g. [199] for an early reference:

L am
W = vue V) = 1923 f 5)

where Gr = g%/ 4 \/imﬁ,) denotes the Fermi constant and f(x) is the phase space-function for one massive particle in the final state, namely
F)=1-8x*+8x° —x* — 24x* In(x). 6)

The result in Eq. (5) can be compared to 7(u)®*P, the experimental value of the muon lifetime [16], that is
1
7= ()™ =2.18776 - 107%s, ()P =2.1969811(22) - 107%s, ©)

which already shows a good agreement between the theoretical and the experimental determinations. Including also higher order electro-
weak corrections to the total decay rate in Eq. (5), see e.g. the review [200], the experimental value is perfectly reproduced.

We now turn to weak charm-quark decays. Consider, for instance, the non-leptonic decay ¢ — s+ W~ — s+ it + d, see Fig. 26 (left),
where, for simplicity, we neglect the masses of the final state quarks 33. In this decay, two very different scales arise, namely the mass of the
W-boson my =~ 80 GeV, and the mass of the charm quark m,. = 1.5 GeV, i.e. my > m.. Now, unlike the muon decay, also QCD contribu-
tions must be taken into account, gluons can be emitted from all fermion lines, as sketched in Fig. 26 (right), and these corrections, due to
the large value of the strong coupling at the charm-quark scale, @ (m.) = 0.3, can be sizeable. Naively, one might expect one-loop diagrams
to give @ -corrections of = 0.3, two-loop diagrams a2-corrections of ~ 0.09 etc. However, e.g. the computation of one-loop corrections

shows that, in addition to terms of order «y, also large logarithmic terms of the form a; In (m(2 /ma,) arise. As a result, one does not obtain

a Taylor expansion in a(m,) but an expansion in a; In (mf /m%v) ~ —8a,, which clearly seems to spoil the perturbative approach.

The solution to this problem lies in the introduction of the effective Hamiltonian, described in detail e.g. in the lecture notes [201] - see also
the review [202]. The basic idea is to derive an effective theory valid at scales of the order of m,., where the heavy W boson, which triggers
the weak decay, is integrated out and does not appear as a dynamical degree of freedom. Schematically, this is obtained by expanding the
decay amplitude in the small quantity k?/ m%v here k, the transferred momentum to the W boson, is of the order of the mass of the decaying
quark and thus k* ~ m? < m?,. The leading term in this Taylor expansion would then correspond to a theory in which the propagator of the

W boson is contracted to a point and new effective four-fermion interactions are generated, see Fig. 27. Such a theory would be described

by an effective Hamiltonian Heg given by
—i i82Vua ]
= Yu(l —¥s5)d
[ mév] [ ( 2v2 )™

gV, )

Y1 =ys)c
[ [ 22

3The up and down quark masses can be safely neglected, my = m, < m,; the strange quark, m; ~ 0.1m,, gives sizeable contributions and should be retained in actual

computations, however for the purpose of this section it is sufficient to omit them.
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d

Fig. 27: By expanding the W-boson propagator at leading order in 1 /m%v, the ¢ — sdu amplitude in the SM (full theory) (left) is matched into a local
four-quark interaction in the weak effective theory (right).

LL NLL | NNLL | NNNLL

Tree 1 - - -
1-loop agln [ - -
2-loop || @?In® | @2In a? -
3-loop || @lln® | @3In* | @?ln a3

Table 4: The general structure of the perturbative expansion in the strong coupling a; of the weak charm decay amplitude. The progression of the
loop expansion is shown row by row: at n-loop order, contributions of the type o/} In", o} ™! o’ arise, where the first term @ In" (LL) spoils
the convergence of the series for a; In ~ O(1). The transition to the effective theory allows one to resum at LO-QCD all the LL contributions in the
first column, at NLO-QCD all the NLL contributions in the second column etc., restoring thus the convergence of the whole series.

where the colour singlet four-quark operator Q; is defined as

Q> = (Savu(1 = ¥5)ea) (¥ (1 = ¥5)ds) = Gacadv-s (Hpds),,_, - ©

with @ and B being colour indices, and the Wilson coefficient C, = 1. Including also QCD corrections, as shown in Fig. 26, the above
description is generalised as follows:

o The Wilson coefficient C, deviates from one and acquires a dependence on the renormalisation scale u of the strong coupling, i.e.
C(u) = 1 + O(a, In), with a, In = @,(u) In(m, /?), where the matching condition at u = my reproduces C(my) = 1.
o A second four-quark operator arises, the colour-rearranged operator Q;, defined as

0= (i"cﬁ)v—A (ﬁﬂd”)v—A ’ (10)

with the corresponding Wilson coefficient being C;(u) = O(asIn) and Ci(my) = 0. Including also Qj, the general structure of the
effective Hamiltonian describing tree-level weak decays of the charm quark then reads

Hor = EViVulC101 +C0). an

o Due to the presence of large logarithms, the series in powers of @, In ~ O(1) cannot be truncated. However, by using the renormalisation
group equations (RGEs) satisfied by the Wilson coeflicients, these large logarithms can be resummed to all orders in perturbation
theory, yielding again a finite result of O(1). Including also higher order QCD corrections, the structure of the @ -expansion at leading
logarithmic (LL) approximation, next-to-leading logarithmic (NLL) approximation, etc., for a given loop order, is shown in Table 4.
Computations performed in the full SM correspond to calculating the amplitude row by row along this table, namely computing the
tree-level contribution, the 1-loop contribution etc. On the other hand, by using the effective Hamiltonian and employing the RGEs, the
amplitude can be calculated column by column, that is by computing the LL contributions (e, In)", the NLL contributions a(a; In)",
etc., to all orders, i.e. forn =0, ..., 0.

o The weak effective theory (WET) constitutes an example of operator product expansion (OPE). This construction leads to an effective
separation of scales, with the renormalisation scale u acting as a factorisation scale. The short-distance contributions at scales u > m,
are encoded in the Wilson coeflicients C;, which can be computed perturbatively, while long-distance effects at scales u < m, are de-
scribed by the matrix elements of the local operators Q;. In charm hadrons decays, one encounters hadronic matrix elements of these
effective operators, for which perturbative calculations cannot be applied. In this case non-perturbative methods like lattice QCD [195],
see e.g. [203] for an application to the decay K — 7z, or QCD sum rules [197] and light-cone sum rules (LCSRs) [204], see e.g. [205]
for an application to the decays D — 77—, K* K™, must be employed to estimate these hadronic parameters.
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So far, we have considered weak decays of the charm quark which are mediated by a tree-level exchange of a W boson; however there are
also loop-induced weak decays, like those described by the penguin diagram sketched in Fig 28 3*. Analogously to the case of tree-level
decays, the generalisation of the effective theory to include these new contributions is obtained by matching the amplitude computed in full
SM into the WET, where all the degrees of freedom which are heavier than the charm quark are integrated out. Note that now, in addition to
the W boson, also other heavier particles like the Z boson and the bottom-quark can contribute to the loop-processes. As a result, the most
general expression of the effective Hamiltonian describing weak decays of the charm quark ¢ — ¢g,u, with ¢; = u,d, s, is given by [202]

G ,
it Z Aq,qz(clgf{"h+c2Qg“’-)—A,,Zc,-Q,- +he.. (12)

7—{eﬂ" \/—
2 q1.q2=d.s Jz3

where Ay, = V;‘q1 Vig, and A, = V7, 'V, are combinations of CKM matrix elements, and the AC = 1 operator basis includes:

o The current-current operators already introduced above:

01" = (G1acp)v-alipgra)v-a» OF" = (F1aCa)v-a(lsqs)v-a - (13)
o The QCD penguin operators:
05 = ucalva ). @sgplv-a> Q1= (Eacpva Y. (@sga)v-a, (14)
g=id,5.c qmudose
05 = @acalv-a . @pdpver> Qs =(@acpv-s . (Gpdalven- (15)
g=d,s.c g=tds.c

o The electromagnetic and chromomagnetic dipole operators:

e - v s — a v
01 = — s me (a0 (1 +75)a) P, Os = = geme (aonfiy(1 +y5)cs) G (16)

o The semileptonic operators:

2 _ 2 _
05 = 1o (Im(1 =)o) 0. Q0= 7 (vl = ys)e) Byst) (17)

In Eq. (16), e and g, denote respectively the electromagnetic and strong coupling, F** and G/ the photon and gluon field strength tensor,
where tfw with a = 1,...,8, are the SU(3). generators, and o, = (i/2)[y,,¥yy]. The effective Hamiltonian in Eq. (12) was derived at LL
accuracy already in 1974 [208]. A comprehensive review of the NLL results for the Wilson coefficients is given in [202], while values at
NNLL accuracy have been obtained in [209]. An important remark is that, differently from down-type quark decays, where the penguin op-
erators are already generated at the scale u = my by integrating out the top quark running into the loop, in the case of charm-quark decays,
penguin operators can only be generated at scales below the bottom-quark mass i.e. for u < my, where the b-quark does not appear as a
dynamical degree of freedom and its effect is a short-distance contribution encoded in the corresponding Wilson coeflicients. Consequently,
C3_g receive a non-zero contribution only below the scale m;, due to the matching from the full theory to the WET and the operator mixing
with Q) 2; the corresponding matching conditions then read Cs__o(my) = 0. We also note that, in the literature it is customary to use the
renormalisation scheme independent effective dipole Wilson coefficients c ¢ §ﬁ, see e.g. in [202] for their definition. Finally, the operator
Qo does not mix under renormalisation and Cj( vanishes at all scales at leading order in G, that is Co(my) = C1o(m.) = 0 [209]. A

3The origin of the name penguin diagram can be found in [206] and in the review How penguins started to fly [207].

Fig. 28: Penguin diagram describing the quark-level decay ¢ — ugg, contributing to e.g. D° — K*K~ (¢ = 5) and D° — 7*7~ (¢ = d).
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p@GeVy || €1 | ¢ | ¢ | € | G5 | G |G cst | cy | Ci

1.3 -0.36 | 1.16 | 0.01 | -0.04 | 0.01 | -0.05 | 0.05 | -0.06 | -0.31 0

Table 5: Summary of the AC = 1 Wilson coefficients at NLL accuracy and at the renormalisation scale u = 1.3 GeV [209].

summary of the values of Wilson coefficients at NLL is shown in Table 5.

To conclude, the effective Hamiltonian is the fundamental building block for the calculation of inclusive and exclusive weak decays of
hadrons containing charm quarks. The Wilson coefficients play the role of new elementary couplings in the effective theory and the four-
quark operators of new elementary vertices.

3.3 Classification of charm hadron decays

Charm hadron decays can be classified, according to the complexity of their hadronic structure, in leptonic, semileptonic and non-leptonic
decays, where the first is the simplest type of decay and the last the most complex. In addition, we distinguish between exclusive decays
and inclusive decays. In the first case the final state, either leptonic, semileptonic or non-leptonic, is precisely specified, while in the second
case, the final state is not specified, but it consists of a sum of exclusive modes all driven by the same elementary transition.

C vy

Loty [ g, vev) [ posts [ Rer. |

\ [210] ‘

3 M+ ’ 212.0 (0.7) ‘ 249.9 (0.5) ‘ 1.1783 (0.0016)
Fig. 29: Feynman diagram describing the leptonic tree-level
decay D — pu*v,. Non-perturbative QCD interactions -
shown in violet - are responsible for the binding of the D}
meson.

Table 6: Averages of Lattice QCD results for the D-meson decay constants
based on simulations using Ny = 2 + 1 + 1 active flavours, as determined
by the FLAG collaboration [210]. For the detailed list of references to the
original computations see [210].

The most inclusive observable is the total decay width or equivalently the lifetime, as this includes a sum over all possible final states,
leptonic, semileptonic and non-leptonic, into which a given particle can decay.

Leptonic decays: leptonic decays have only leptons in the final state, an example is the tree-level decay D} — u* v, shown in Fig. 29.
This type of decay has the simplest hadronic structure, since from a QCD point of view the meson is decaying into nothing; leptons do not
interact strongly and can thus be identified with the QCD vacuum. The hadronic part of the decay amplitude of D} — u* v, is described
by the following matrix element

(OIsy"yselDs(pp,)) = ifp, Pl » 13

where all non-perturbative effects that govern the binding of the quarks via gluons in the initial hadronic state are described by one parameter:
the decay constant, fp . In the above equation p’[’,v denotes the four-momentum of the DY meson. Decay constants can, nowadays, be very
precisely determined by Lattice QCD simulations. Current values for the decay constants of the D*° and D! mesons and of their ratio
are shown in Table 6, as reported by the FLAG (Flavour Lattice Averaging Group) collaboration [210]. We stress that isospin symmetry
is assumed, i.e. m, = my, so that fp+ = fpo = fp. Note that, leptonic decays can also proceed via loop-level contributions in the SM, an
example is the decay D° — iy~

Semileptonic decays: semileptonic decays have both leptons and hadrons in the final state, an example is the tree-level decay D* — K%e*v,
shown in Fig. 30. In this case, the hadronic structure is more complicated as the non-perturbative QCD effects not only are responsible for
the binding of the hadrons in the initial and final states, but also for the strong interaction between the two. The hadronic part of the decay
amplitude of D* — K%*v, is now described by a matrix element between the D* and K° states, triggered by a current that couples the
charm to the strange quark:

2
my

70 - + DK 2 mp, = my, DK, 2 mj,
(R(pr)Isy"clD* (pp)y = f2%a@H) | Py + P - TCI" +fy (g )Ttlﬂ~ (19)

This matrix element can be generally parametrised in terms of two functions, the form factors f°~%(¢?) and fUDHK (¢%), that contain all
the non-perturbative dynamics. These are functions of ¢?, the invariant mass squared of the leptonic pair, where ¢* is the four-momentum
transferred between the initial and final state hadrons. Form factors can be determined using lattice QCD calculations or LCSRs - see e.g.
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the textbook [198]. Current values for the D — 7 and D — K form factors at the fixed point g> = 0 3 are summarised in Table 7. As for
the baryon form factors, results within LCSRs for e.g. the transition {A., 2.} — p the can be found in [212], where the latter were obtained
using the non-perturbative inputs from [213, 214, 215, 216]. Lattice QCD determinations for baryon form factors including A, — {A,n, p}
have been obtained in [217, 218, 219, 220, 221]. There exist again semileptonic decays that can only proceed via loop-contributions in the

SM, an example is the decay D° — n%u*u~.

g _ Lattice QCD [210] | LCSRs [211]
D+ KO D H 0.10
D=7(0) 0.6296 (50) 0.67*010
d il () 0.7430 (27) 0.75+011

Table 7: Comparison between FLAG averages [210], based on simulations
using Ny =2 + 1 + 1 active flavours, and LCSR studies [211] for the D — 7
and D — K form factors at ¢g> = 0. For the detailed list of references to the
original lattice QCD computations see [210].

Fig. 30: Feynman diagram describing the semileptonic tree-
level decay D* — K%¢*v,. Non-perturbative QCD effects -
shown in violet - are responsible for the binding of the D} and
K° mesons as well as for their interactions.

Non-leptonic decays: non-leptonic decays have only hadrons in the final state, an example is the decay D° — K*K~, shown in Fig. 31.
Since in this case, QCD effects are responsible not only for the binding of all the hadronic states but also for the interactions between the
initial and all final state particles, as well as among the latter, quantitative SM predictions for this class of decays are extremely challenging,
and currently, no systematic description has been achieved. The decay amplitude for D° — K*K~ contains the matrix element of a four-
quark operator between the initial state D° and the final state of the two-kaon system, which cannot be further simplified without additional
assumptions. For certain decay topologies, a first estimate of this hadronic matrix element can be obtained using the naive factorisation (NF)
approximation, in which case the decay amplitude for a two-body decay such as D® — K* K~ is factorised in the product of the kaon decay

constant fx and of the D — K scalar form factor fOD_’K , namely

(KT Kyl = y5)e) (iy" (1 = y5)s) ID")Ing = (K157, (1 = y5)elD%) (K* [y (1 = 75)s10)

= ifi(mp —m) fy K (mi) - (20)

Theoretical investigations into whether or not the naive factorisation assumption is justified constitute an important topic of the current
research, see e.g. [205]. Note that in early 2000, the framework of QCD factorisation (QCDf) was developed in [222, 223, 224] for the
study of exclusive B-meson decays in the heavy-quark limit m;, > Aqcp. However, given the smaller value of the charm quark mass, as
compared to the bottom quark mass, an analogous approach valid for exclusive charm hadron decays has not been established yet, see
e.g. [225, 226, 227] for studies of the factorisation hypothesis in D-meson decays.

Beyond the factorisation hypothesis, hadronic decays can also be studied using the framework of QCD sum rules, although, applica-
tions of this method to non-leptonic decays have mainly focused on the b-sector, see e.g. [228]. Studies within LCSRs of the two-body

35Note that at this point one finds that f, = f;, as reported by the FLAG collaboration [210] as well as obtained by LCSRs studies [211].

Fig. 31: Example of tree-level (left) and penguin (right) Feynman diagrams contributing to the non-leptonic decay D° — K* K~. Non-perturbative
QCD effects - shown in violet - are responsible for the binding of all mesons as well as for their interactions.



Charm physics 25

ol

c u c w u
Bm DO e DO
u c u C

Fig. 32: Box diagrams responsible for the mixing between the D° meson and its anti-particle D°. Analogous diagrams with up-type quarks inside
the loop describe mixing of down-type mesons i.e. K°, BS, and B?.

decays D° — n*n~, DY — K*K~ can be found in [229, 205]. Other approaches widely used in the literature for the analysis of charm-
hadron decays make use of topological amplitude decompositions together with the SU(3)r symmetry, i.e. the limit m, = my = my, see
e.g. [230, 231, 232, 233], or of dispersive methods, see e.g. [234, 235, 236].

3.4 Mixing and CPV in mixing

The neutral ground state mesons K°, D°, BS, and BY can transform, via the weak interaction, into their anti-particles, leading to the phe-
nomenon of meson mixing ¢, see Fig. 32. The time evolution of e.g. the two-particle system {D°, D%} is governed by a 2 x 2 Hamiltonian
matrix 9 and can be described by a Schrodinger like equation:

.d [|D°<r>>] (M- ity M- g‘m)[w%»}

(LD _ ) . D 21
a1 | 15°(0) (le—érzl Man — 5T | ID°0) @b

where M and I" denote the mass and decay matrices, respectively 7. From Eq. (21) we see that the weak eigenstates |D°) = |cit) and
|D°) = |cu), which have a definite quark-flavour content, are not eigenstates of H and are thus not characterised by a definite mass and
decay width. The mass eigenstates |D, ,) are obtained by diagonalising the Hamiltonian matrix and correspond to a linear combination of
the flavour eigenstates. At ¢t = 0, their expression is given by

ID1) = pID") = ¢ID%) . (22)
IDy) = pID°) + ¢ID"), (23)
with p, g being, in general, complex coefficients satisfying |p|> + |g|*> = 1. At # 0 the flavour eigenstates will start to mix and the char-
acteristic properties of this phenomenon depend on the value of the mass difference AMp = M; — M, and of the decay rate difference

Al'p =T’} —T'; between the mass and decay width of the mass eigenstates M|, and I'j ;. The general expression for the time evolution of
the weak eigenstates is

ID°(r))

2. (0D + %gmu‘)% , (24)

1D°(r))

§g_<r>|D°> +g.(0ID%) 25)

where the functions g. () read

g () = e MotgTo/2 [cosh Alpt cos AMpt isinh Al sin AA;DI , (26)
g-(t) = e Mool [— sinh Al cos AMpt +icosh %Dt sin A%Dl] , 27

and the averaged mass M and decay rate I'p are defined as
My =T rp=ri2. 28)

The mixing observables AMp and A'p are computed from the off-diagonal entries of H , that is M|, and I'j,. The former describes the
dispersive part of the D° — D° amplitude, namely the off-shell contributions to the box diagrams in Fig. 32 due to internal down, strange
and bottom quarks; the latter describes the absorptive part of the D® — D amplitude, i.e. the on-shell contributions to the box diagrams in
Fig. 32 due to internal down and strange quarks.

36For recent reviews of charm mixing and CPV see also [237, 238].
37Note that M, = Ma» and I'y; = I'», which follow from the requirement of invariance of the Hamiltonian under the action of CPT i.e. the combined discrete symmetries
charge-conjugation, parity and time; moreover, M2, = M7, and I';; =T7,, as consequence of the hermiticity of MandT.
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Turning to CP violation, we adopt the convention for the flavour eigenstates CP|D°) = —|D°). Acting with the CP operator on the mass
eigenstates in Eqgs. (22), (23), we see that these are invariant under CP only if |p/q| = 1 38 Thus, a non-zero value of [p/q| — 1 is a measure
of CPV in mixing, which is quantified by the relative phase between M), and I'y,, that is, ¢, = arg(—M,,/T"1). Taking into account that
experimental determinations indicate a small value for ¢, it is possible to derive a simple expression for the mass and decay rate differences
AMp and Al'p, in terms of M|, and I'1,, as a Taylor expansion in the small parameter ¢, i.e.

AMp _ 2IMal _Alp o
I'p Ip ’ T 2Ip Ip’

X

(29

where the notation in terms of x and y is usually adopted in the literature. In this case, CPV in mixing takes the approximate expression

1

2

I“12

My

‘2 Sil’l(b]z . (30)

q

The theoretical determination of the mixing parameters x, y, and ¢, is a very difficult task. Box diagrams, such as those in Fig. 32, are
severely affected by the GIM mechanism, i.e. the amplitude vanishes in the limit of equally massive internal quarks as consequence of the
unitarity of the CKM matrix. Due to the fact that the masses of all down-type quarks are much smaller than that of the W boson, and that
for charm decays the unitarity of the CKM matrix is already satisfied to a good approximation by the Cabibbo matrix, the GIM mechanism
is extremely effective in the charm sector, causing a strong suppression of the amplitude for D° mixing. This makes the theoretical deter-
mination of M), and I}, particularly challenging. This is in strong contrast with mixing of down-type mesons, i.e. K°, Bg and BY mixing,
where the corresponding box diagrams contain internal up, charm and top quarks. In these cases, the large top-quark mass breaks the GIM
mechanism leading to a sizeable mixing amplitude.

Finally, starting from the time evolution of the weak eigenstates given Egs. (26), (27), we can derive the expression for the time-dependent
decay rate of a D° meson that was at ¢ = 0 tagged as a D, into an arbitrary final state f. That is:

cosh (2521) 1 — |02 cos (AMpr)  2R(Ap) sinh (%521)  25(4,) sin (AMpi)
2 v r - 2 T+ 2 v 2

T — f) = Ny | A (1 + 1) e " 31)

Here Ny denotes a time-independent normalisation factor, which includes e.g. phase-space effects, and Ay is the decay amplitude describing
the transition of the flavour eigenstate D? into the final state f; using, for the decay of a D° state into f, the notation Az, we have:

_afy

Ap = (fIHalD®),  Ar = (fiHD", and Ay ,
p Ayf

(32)

with the effective Hamiltonian described in Section 3.2. Analogous expressions to Eq. (31) for the time-dependent decay rates I' (D) = 1),
I(D°(f) — f) and I'(D°(t) — f) can be found e.g. in [239, 240, 241].

3.5 CPV in the decay
CP violation can also affect the decay amplitude. In fact, direct CPV occurs if the decay of a charm hadron into a certain final state has a
different probability than the corresponding CP conjugated mode. This phenomenon can be studied via the following asymmetry
lAD — NP = |AD - HIP

WAD — NP +AD - HIF

ad(f) = 33)

where, without loss of generality, we have considered the decay of a D meson into a final state f. Starting from the general decomposition
of the decay amplitude in terms of the weak and strong phases ¢" and ¢°, i.e. %

AD — f) = A1 el + |Agle™: e, (34)
and taking into account that the weak interaction violates the CP symmetry and that the strong interaction preserves it, meaning that under
a CP transformation the weak phase changes sign whereas the strong phase does not, the direct CP asymmetry in Eq. (33) takes the form
A

|

sin(¢y — ¢) sin(@y — ¢y

a(f) = ~——1 ek 49
1+2 A—f cos(¢} — ¢3) cos(@) — ¢y) + A—f

From Eq. (35), we find that a non-zero value of adci]r,( f) can only be obtained if there are at least two different amplitudes with different
strong and weak phases that contribute to the decay i.e. |Aj| # |A2|, and ¢} # ¢, ¢} # ¢ (mod x). Thus, in order to obtain robust
theoretical predictions of direct CPYV, it is necessary to have control over multiple hadronic amplitudes and in particular over their strong

phases, a task that is currently extremely difficult to achieve.

38With the adopted phase convention, it follows that in the CP symmetric case, with ¢ = p, D) is the CP even final state and D; is CP odd.
3 Due to the unitarity of the CKM matrix, the general expression of the total decay amplitude, also in the presence of more than two contributing amplitudes, can be recast
as in Eq. (34).
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Note that if one of the two amplitudes in Eq. (35) dominates, say |A|| > |A;|, the expression for acp(f) simplifies as follows

sin(¢}] — ¢3) sin(¢) — ¢3). (36)

; A
als(f) ~ -2 ‘A—j

4 Inclusive charm hadron decays

4.1 The heavy quark expansion

Hadronic weak decays proceed through the interplay between the weak and the strong interactions that are responsible for the decay and
hadronisation dynamics, and this occurs over very different scales, spanning from my to Aqcp. Furthermore, in the case of weak decays of
heavy hadrons, i.e. of hadrons containing a heavy quark Q, with my > Aqcp, an additional intermediate scale emerges, mgp. As aresult, the
underlying dynamics is characterised by the large hierarchy my > mg > Aqcp. Such a multi-scale problem can be addressed by resorting
to effective field theories, in which only the degrees of freedom that are dynamical at a given scale appear as active fields, while heavy
particles are integrated out and leave a trace only in the effective coefficients of the theory. For instance, integrating out the W boson as a
dynamical degree of freedom leads to the weak effective theory (WET) already discussed in the preceding chapter.

An effective description for inclusive weak decays of heavy hadrons can be obtained within the framework of the heavy quark expan-
sion (HQE), which was established by Shifman and Voloshin in 1984 precisely to study inclusive weak decays of charmed particles [242]
- see the review [243] for an overview of the historical development. The basic assumption of the HQE is that a heavy quark inside the
hadronic state carries most of the hadron momentum and is almost on-shell. Its momentum can be then parametrised in terms of a large
contribution proportional to the heavy-quark mass and a residual component k* originating from the non-perturbative interactions with soft
quarks and gluons due to the strong interaction. That is

p’é =moW + Kk, P < mZQ, 37
where WV = p‘;,Q /mpu,, is the hadron velocity and k ~ Aqcp. The heavy-quark field is also redefined as
O(x) = e Q,(x), (38)

in order to factorise the dependence on the heavy-quark mass. The rescaled field Q, is related to the heavy-quark effective theory (HQET)
field h,, describing an infinitely heavy quark, see e.g. [244], by

i,
2mQ

0, = h() + 2% () + o(%) : (39)
m

Q

here D] = D — (v- D)W and the covariant derivative D* = 8 — ig A, with g, being the strong coupling and A the gluon field. Egs. (37)
- (39) represent the main ingredients that allow the total width I" to be expressed in terms of a series expansion in powers of Aqcp/mg or,
in operator form, in terms of D¥ /mg. To see how this works in practice, let us consider the case of inclusive charm-hadron decays, with the
important caveat that, to justify this formulation, we have to assume that the charm quark is heavy, i.e. m, > Aqcp. In the following, we
consider this to be the case, but we will comment on its validity later in the text; see also the discussion in the preceding chapter.

The starting point for the construction of the HQE is the following expression, which gives the definition of the total decay width of a
particle:

0= 5= 3 [ @0'p, - oA, (40)
mp = Jps

here we assume D to be a charmed meson, although the description generalises to an arbitrary hadron. In Eq. (40) a summation over all

kinematically allowed final states |n) into which the D meson can decay is explicitly shown, PS indicates the corresponding phase-space

integration, He is the effective Hamiltonian describing the non-leptonic and semileptonic weak decays of the charm quark, and py denotes

the four-momentum of the particle X. Using the optical theorem, Eq. (40) can be recast in the form:

(D) = 2le (D| 1f d'x T{ﬂeﬁ(x) ,ﬂeﬁ(O)}w) , @1

mp

where the sum over the modulus squared of each decay amplitude has been replaced by the imaginary part of the forward scattering
amplitude of the D meson via the effective Hamiltonian. As a consequence, differently to Eq. (40), now in Eq. (41) a non-local operator
appears, the time-ordered product of the effective Hamiltonian at two different space-time points. Taking into account Egs. (37) - (39), the
non-local amplitude in Eq. (41) can be computed as a series expansion in inverse powers of the charm-quark mass. The result, which defines
the HQE, reads schematically:

(D) =T +r5<0—§> +rf,Q§> +...+ 167 [f6@—§> +f7<01> +] , (42)
mc c me m(.
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Fig. 33: Schematic representation of the HQE in Eq. (42). By assuming that the charm quark is heavy, the discontinuity of two- and one-loop
diagrams obtained from the double insertion of the effective Hamiltonian in Eq. (41), is matched into local two- and four-quark operators of increasing
dimension. Specifically, the diagrams show the LO-QCD contribution to two-quark operators due to the free charm-quark decay at dimension-three
(left), due to soft-gluon emission at dimension-five and -six (middle) and the LO-QCD contribution to four-quark operators at dimension-six due to
spectator-quark effects (right). The labels fi, f> and f3 denote all possible fermions - quarks and leptons, into which the charm quark can decay, i.e.
c— fihfswith fi =d,s, o =d,s,e,p, and f3 = u,ve,vy.

where Oy, (5,,, are local operators of increasing dimension d, and we have introduced the notation (X) = (D|X|D)/(2mp). A graphical
representation of Eqs. (41), (42) is shown in Fig. 33. Note that two possible ways of contracting the internal fermion lines are possible,
and at LO-QCD the imaginary part of both two- and one-loop diagrams must be computed. In the first case, the resulting operators will
be composed of two charm-quark fields and a string of d — 3 covariant derivatives, whereas in the second case the resulting operators will
be composed of four-quarks, respectively of two charm-quark and two light-quark fields, with ¢ = u,d, s, plus a string of d — 6 covariant
derivatives, i.e.

Oy < [2,(iDy) ... (iDy) o], Ou x [8,q1lg (iDy) ... (Dy) c,] . 43)
d-3 d-6

The fact that four-quark operators are generated already at one loop, starting at dimension-six, is reflected in the factor 16z in front of the
square brackets in Eq. (42). Note that Eq. (42) is another example of an OPE and, as such, it allows for a systematic separation of the scales
relevant for the decay process. On the one hand, the matrix elements of the local operators parametrise the low-energy dynamics at the
scale u < m,, on the other hand, the short-distance contributions at the scale y > m, are encoded in the functions I'y, T';. The latter can be
computed perturbatively in QCD, namely

as(me) ay(m.)\ a,(m)\’
r, =Ty +(—“4ﬂ” )r;“ +(—“4n” ) ry +(—“4ﬂ‘ ) Y+, (44)

and similarly for I';. The current status of the perturbative contributions is summarised in Table 8 for semileptonic charm quark decays,
i.e. ¢ = ql*v,, with g = d, s, and in Table 9 for non-leptonic decays i.e. ¢ = q;g,u with g2 = d, s. For a complete list of references see
e.g. [245]. We stress that, although most of the results have been obtained in the case of bottom-quark decays, they can be easily generalised
also to the case of charm-quark decays by means of straightforward replacements i.e. m;, — m., m. — my, etc. This is however, not possi-
ble for the coefficient of the Darwin operator I O since, compared to the case of bottom-quark decays, further contributions due to mixing
with four-quark operators with external strange quarks must be taken into account; the corresponding expressions have been derived in [246].

Moving to the hadronic matrix elements, the non-perturbative parameters for charm-quark decays are currently poorly constrained and
first principle determinations are for the most part largely missing. In many cases symmetry relations must be used to relate the param-
eters in the charm system to the corresponding ones for bottom-quark decays. For the latter, in fact, the status is more advanced; the
parameters of the two-quark operator matrix elements have been determined performing fits to semileptonic B-meson decays [247], using
non-perturbative methods like Lattice QCD [248, 249], and HQET sum rules [250], or from spectroscopy relations [251], while matrix-
elements of dimension-six four-quark operators have been obtained using HQET sum rules [252, 253, 254] and first results are also available
from Lattice QCD simulations [255] - see [245] for further references. Current prospects for measuring the inputs of two-quark operators
matrix elements from inclusive semileptonic D-meson decays at BESIII have been discussed in [256] “°. In the case of charmed baryon
decays, the dimension-six matrix elements of four-quark operators can be estimated recurring to constituent quark models, namely sim-
plified models of QCD which allow to parametrise the hadronic matrix elements in terms of the baryon wave function. In the literature,

“ONote that recently a first attempt to determine the HQE two-quark operators non-perturbative parameters using data on inclusive semileptonic D-meson decays by the
CLEO [257] and BESIII [258] collaborations has been performed in [259].
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o Table 9: Status of the perturbative corrections in the HQE
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for non-leptonic charm-quark decays. Note that for Fgl),

Table 8: Status of the perturbative corrections in the HQE  the corresponding a;-corrections to the b — c¢s mode have
for semileptonic charm-quark decays. been very recently computed in [277].

both relativistic and non-relativistic constituent quark models are employed, see e.g. [260, 261]. A recent study of the two-quark operator
hadronic matrix elements for the A, baryon has been performed in [262].

As stated above, the validity of the HQE for charmed hadrons decays is based on the assumption that mgy > Aqcp, in which case we
can expect both the expansions in Aqcp/m. and @ (m,) to converge fast enough and the first few terms in Eq. (42) to be sufficient to
describe I'. This picture, however, may not hold in practice, as the charm-quark mass m, ~ 1 GeV is dangerously close to the hadronic
scale Aqcp ~ 400 MeV. Ultimately, to understand if such an expansion is well justified for the charm system or not, we must compare the
corresponding HQE predictions with the available data.

4.2 Lifetimes and inclusive semileptonic decays

The validity of the HQE for charm-quark decays can be tested in inclusive observables such as semileptonic decays of charm hadrons e.g.
(D — X,4t*v¢), and charm hadron lifetimes e.g. 7(D) = I'(D)~!. In particular, the large number of data collected by e.g. the Belle II, BE-
SIII and LHCb collaborations, as well as the plethora of data expected to be collected in the near future, can be used to study the structure
and the convergence of the HQE and, also, in the case of semileptonic decays, open the road to an inclusive extraction of the CKM matrix
elements |V,,| and V4| [283].

Theoretical predictions based on the HQE for the total widths of the D°, D*, and D! mesons, their lifetime ratios, as well as the corre-
sponding semileptonic branching ratios Bﬁ =I'(D — X,e*v,)/T(D), and the ratios of semileptonic widths, taken from [246], are shown in
Fig. 34 #! together with the corresponding experimental values [164]. Despite the large uncertainties, the HQE succeeds in reproducing the
observed pattern and there is no evident signal of a possible breakdown of the theoretical framework. However, note that currently the HQE
predicts also negative values for the lifetime of the D* meson, which are clearly not physical. Further investigations are thus still needed to
resolve this puzzle, which originates from an effective cancellation of contributions of the free charm quark decay, I';, with contributions
from spectator effects, in particular the so-called Pauli-interference, denoted by I's. New insights could potentially be gained by including
the recently determined @2-corrections to the leading term T's [274], following the corresponding analysis of B-meson lifetimes performed
in [245].

A recent experimental study of inclusive DY — Xe*v, decays [258], combined with an earlier analysis of the inclusive D — Xe*v, decays
by the CLEO collaboration [257], results in [(D} — Xe*v,)/T(D° — Xe*v,) = 0.790 + 0.016 (stat) + 0.020 (syst), quoted with statisti-
cal and systematic uncertainties, which is consistent with the HQE result shown in Fig. 34. The CLEO experiment [257] also reported
[(D* — Xe*v,)/T(D° — Xetv,) = 0.985 + 0.015 (stat) + 0.024 (syst), in agreement with theoretical predictions. Further potential tests of
the HQE with inclusive semileptonic decays are outlined in [256]. Currently, the most precise measurements of lifetimes of D mesons come
from Belle II. Using a sample of about 116k D} — ¢n* decays, they measure 7p: = (499.5 + 1.7 + 0.9) fs [114], in agreement with predic-
tions in [246, 284]. Using about 171k D** — D°(— K~ n*)n* and about 59k D** — D*(— K~ a*n*)n°® decays, the results for the lifetimes
are 7(DY) = (410.5 = 1.1 £ 0.8) fs and 7(D*) = (1030.4 +4.7 +3.1) fs, and their ratio is 7(D*)/7(D%) = 2.510 + 0.013 + 0.007 [113], in
agreement with HQE predictions. Other recent lifetime measurements come from the LHCb experiment [285], and earlier lifetime studies
have been performed by the FOCUS [286, 287], SELEX [288, 289], E791 [290, 291], CLEO [292], E687 [293, 294], E691 [120] experi-

“IBecause the tau lepton is heavier than the charm quark, the decay D¥ — 7% v, cannot be reproduced within the HQE. Hence, we define [(D?) = [(DY) - T(D? — t*v.).



30 Charm physics

I(D") BY
I(D}) P — B2 L —
—0.5 0 0.5 1.0 1.5 2.0 2.5 5 7.5 10 12.5 15 17.5 20
fps~] %)
Experiment
(DY) /(D) ro° e’ = B HQE
=D+ 0 |
7(DJ)/m(D") —e—i Fgf/rgo
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4

Fig. 34: Comparison of HQE predictions and experimental data for charmed mesons total decay widths (top left), semileptonic branching ratios (top
right), lifetime ratios (bottom left) and ratios of semileptonic widths (bottom right), based on [246].

ments.

The results in Fig. 34 have also been confirmed by another independent study [284], where also singly charmed baryons have been inves-
tigated within the HQE. The results of [284] for the lifetimes of the E(C) A7, Qg and E7, and of their ratios are shown in Fig. 35. Also in
this case the agreement with the experimental data appears to be good and in particular the HQE reproduces the experimentally observed
hierarchy 7(E%) < 7(A}) < 7(Q%) < 7(E) **. Similar results are also found in [300]. Recently, an updated study of doubly-charmed baryons
within the HQE has been performed in [301]. The authors confirm the expected hierarchy 7(Z},) < 7(Q},.) < 7(E}) and HQE prediction

for 7(E}) is found to be consistent with the LHCb determination of 7(Z}}) = (0.256fg:8§‘2‘ +0.014) ps [302].
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Fig. 35: Comparison of HQE predictions and experimental data for charmed baryons lifetimes, based on [284].

5 Exclusive charm hadron decays

5.1 Leptonic and semileptonic decays

Studies of leptonic and semileptonic charm hadron decays provide invaluable information on the properties of the strong and weak in-
teractions. As already discussed in the preceding chapter, in the case of leptonic decays, the strong interaction is described by a single
constant non-perturbative input, the decay constant, whereas, for semileptonic decays, the non-perturbative dynamics is encoded in a set
of g*>-dependent functions, the form factors. In the SM, (semi)leptonic decays can proceed through the tree-level exchange of a W boson
or through loop transitions, that is via penguin and box diagrams. The latter, i.e. loop induced (semi)leptonic charm decays are strongly
suppressed in the SM and commonly referred to as rare charm decays, with a typical branching ratio B < 107 [303]. In general, experi-
mental measurements have been reported by the MARK-III, CLEO-c, BaBar, Belle/Belle II and BESIII collaborations. One fundamental
experimental complication is the presence of a neutrino which escapes undetected. The double tag technique used at experiments like
BESIII allows for a clean sample of (semi)leptonic decays to be reconstructed as will be discussed in this chapter. Belle has used a similar
“double-tag” technique albeit for continuum charm production from the (45 ) region where the flavour and momentum of the neutral charm

421t is curious to note that from 2004 until 2018 the observed pattern was T(Q?) < T(E?) < 1(A}) < 7(EY) [295]. However, the measurement by the LHCb collaboration
with semileptonic b-hadron decays [296] dramatically changed the situation and revealed a new pattern T(E?) <T(A}) < T(Q?) < 7(8}), in tension with the previous
measurements. In fact, the lifetime of the Q0 baryon was about 4 times larger than the previous world average, and there was a tension of about 3 standard deviations for
the lifetime of the E? baryon. Later measurements by LHCb [297] and by Belle I [298, 299] showed agreement with [296] and confirmed the newly established hierarchy.
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meson are tagged through a full reconstruction of the recoiling charm meson (tag side) and additional mesons from fragmentation [304].
This method improves the momentum resolution of the missing neutrino. We note that at the LHCb experiment measurements of tree-level
semileptonic charm decays are possible but complicated due to the higher background level.

Tree-level leptonic and semileptonic decays: The cleanest leptonic decays in the SM are those that can proceed via the tree-level exchange

of a W boson, namely the leptonic decays of a charged meson such as the mode D} — ¢*v, (Feynman diagram can be seen in the preceding

chapter). In this case, the theory prediction has a very simple structure, i.e.

G2 mp: m2 m2

|1 o [ Vel T D) (1 + Gew) 45)
T m

Dy

B(D; = {"vp)lsm =

and is directly proportional to the modulus of the CKM matrix element V., and to the decay constant fp , where the value of the latter is
by now determined with a precision of less than 1% from Lattice QCD studies, see the FLAG report [210] and in the preceding chapter. In
Eq. (45), dgm denotes the effect of channel-dependent electromagnetic radiative corrections with an approximate size of 1%, see e.g. [305].
The remaining parameters in Eq. (45) i.e. Gr, m¢, mp, and the lifetime of the D} meson are all extremely precisely known [16]. The gener-
alisation of Eq. (45) to an arbitrary charm meson decay can be obtained with the proper replacement of masses and CKM matrix elements 43,

Experimentally, charged leptonic decays have been measured with muons and tauons in the final state. Due to the helicity suppression,
namely the proportionality of the branching ratio to the mass of the final state lepton, the decays with electrons in the final state are still too
suppressed to be observed and, so far, only upper limits have been obtained. Current averages read [164]

B(DY — T v)lexp = (5.36 £ 0.10) - 1072, B(D* — T vo)lexp = (120 £ 0.27) - 1073, (46)
B(D! = i vlep = (535 £0.12)- 107, B(D* = " vlexp = (3.74 £0.17) - 1074, A7)
B(D! = ¢ V)lexp <83-107°,  B(D* = €™ v,)lexp < 8.8-107°. (48)

‘We note however that the previous results do not yet include the recent and more precise measurements by the BESIII collaboration [306,
307, 308, 309], namely

B(Dy = T vo)lxp = (538 £0.09) - 107, BD* = 77vo)lexp = (099 £ 0.12) - 107, 49)
B(D{ = plexp = (5:39£0.09) - 107, BID™ = pr'v)lexp = (3.981 £ 0.089) - 107, (50)
B(D* = €™ v)lexp <9.7-1077. 1)

To reconstruct a (semi-)leptonic decay with a missing neutrino, experiments like BESIII (and previously CLEO-c) make use of the “double-
tag technique” introduced in the preceding chapter: one side (tag) is fully reconstructed, while the signal decay is searched for in the recoil
system. The presence of the neutrino is inferred from energy and momentum conservation as the energies of the e*e~ beams are well known.
Typical kinematic variables used for the signal decay reconstruction are the missing mass, M?niss = Eim - przmss, OF Uniss = Emiss — Pmiss»
where E s and ppiss are the missing energy and momentum, respectively.

The double-tag method at BESIII allows to measure absolute branching fractions. For example, for a generic (semi-)leptonic decay, the
branching fraction is defined as
"Niignul

B(D = (XN)lv) = ————=
Z,-ng ,(esig]1 a/ emg)

(52)

ta
efﬁciency,g respectively, for the signal mode provided that the tag mode i has been reconstructed simultaneously with the signal side. The
total signal yield in a presence of a tag is then a sum of all contributions, Ngjgna = Z,-N;igna]. The summation index i runs over the number
of tag modes used in a particular analysis. The efficiencies are typically determined with a Monte Carlo (MC) simulation sample selected
with the same criteria as the data sample, and fitted with the same fitting procedure, and the efficiencies are given by the ratio of the MC
yields with respect to the total number of simulated events. The derivation of Eq. 52 can be found in the original paper by the MARK-III

experiment where the double tag technique was first used [163].

where Ni and Ei are the yield and selection efficiency for a given tag mode i, I'eSpeCtiVel 5 N' ; and €l . are the yield and selection
ta, y y g g y y
g signal signal

To illustrate how challenging the environment in which decays with a tau lepton are reconstructed can be, Figs. 36, and 37 show a com-
parison between the distribution of the missing mass for the muonic decay D* — u*v, [310] and for the tauonic decay D* — v, [311],
respectively. The tau lepton is reconstructed via the 7" — 7%y, decay, with an additional missing particle. Note that in Fig. 37, the signal
distribution in gold is asymmetric due to the missing tau neutrino from the D* decay, and the tau anti-neutrino from the tau decay.

43 Note that since baryon number is conserved in the SM, leptonic decays of charm baryons are forbidden.
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Fig. 36: Missing mass squared distribution for the decays D* —
¥ vy, taken from [306]. The data are shown as black points with Fig. 37: Missing mass squared distributions for the decays D* — t*v,
uncertainty bars. The signal distribution is indicated in blue. All taken from [307]. The data are shown as black points with uncertainty bars.
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Fig. 38: In BSM scenarios like the 2HDM, the leptonic decay DY — u*v, would receive additional contributions compared to those allowed in the
SM, such as due to a new charged Higgs boson.

Besides offering a clean way to test the SM and determining its parameters, such as the CKM matrix elements |V,,| and |V,4| **, leptonic
decays can also be used to constrain BSM models. For example, in so-called 2 Higgs-doublet models (2HDM), instead of a single SM
Higgs field, five physical Higgs particles appear, i.e. i°, H°, A°, H* and H~. The latter two charged Higgs bosons have similar couplings
as the charged weak gauge bosons W=, and thus, in this scenario, additional diagrams would contribute to the tree-level decays of the DE’S)
mesons, as showed in Fig. 38. This would lead to a modification of the SM result for the branching fractions, namely [313]

B(D},, = £ volorpm = BID,) — Evolsm (1 + )’ (53)

where ry depends on the parameters of the 2HDM models, such as the mass of the charged Higgs boson my+. Comparing the expression
in Eq. (53) with the experimental results in Eqs. (46) - (48), it is thus possible to derive constrains on the parameters of the 2HDM models,
see e.g. [314, 315, 316] for recent, comprehensive studies.

For semileptonic charm decays driven by a tree-level exchange of a W boson, the corresponding decay width depends, in addition to the
modulus of the CKM matrix elements V4 or V., on the value of the hadronic form factors. For a pseudoscalar meson P in the final state,
the differential decay width with respect to the invariant mass of the lepton pair, ¢> = (p+ + p,,)?, e.g. in the case of ¢ — s£*v; transition
reads,

ar + 3 G% 2| sD—P; 25|2

a7 D= Pevo e p ams Vel 777 @)] - (54)
In Eq. (54), p denotes the momentum of the pseudoscalar meson in the final state and f°~* the form factor describing the non-perturbative
transition D — P. A simple parametrisation of the ¢>-dependence of the form factor can be obtained using properties originating in its ana-
lytic structure, see e.g. [198]*. Taking only the first pole in the variable > into account, one finds |fP~7(¢%)| = |fP>F(0)/(1 - ¢* /mgole),
where myl. is the mass of the nearest pole 46 An alternative and more comprehensive parametrisation is based on the so-called z-expansion
formalism, see [198] or also [312].

“The most precise determinations of |V,4| and |V,4| are obtained from these leptonic tree-level decays, see [312].
4 Form factors are analytic functions in ¢> and present isolated singularities—poles—in correspondence with values of ¢> equal to the mass of physical hadronic states.
4This is typically the lowest lying vector resonance ¢g for a ¢ — g transition. For example, for D — 7 transitions, mpele ill be the mass of the D** meson.
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Fig. 39: Definition of the variables used in four-body semileptonic decays as defined in [339] for the D™ — K~ nte*v, mode. There are two rest

frames, one for the lepton pair and one for the final state hadrons pair. 0k is the angle between the pion and the D-meson direction in the K~ 7" rest
frame, 6, is the angle between the neutrino and the D-meson direction in the lepton e*v, rest frame, and y is the acoplanarity angle between the two
decay planes. Reprinted with permission from [339].

Typically, in experiments it is the product of the CKM matrix element and of the form factor to be measured, e.g. |V, SP1f P"P (qz)lz. Recent
measurements of the latter for pseudoscalar mesons have been reported for the D — nf*v, decay in [317, 318, 319, 320, 321, 304, 322]
and for D — K{*v, in [323, 324, 325, 326, 317, 327, 328, 318, 319, 320, 322]. Assuming the unitarity of the CKM matrix and taking the
average value of the experimental measurements of f2~X(0)|V,,| and f°=7(0)|V.4l, the Heavy Flavour Averaging Group (HFLAV) quotes
the following results for the D — K and D — & form factors [312]:

P=K(0) = 0.7376 + 0.0034, FP7m(0) = 0.6342 + 0.0082, (55)

which agree with the non-perturbative predictions stated in the preceding chapter. Alternatively, by combining the value of the form factors
obtained from theoretical Lattice QCD calculations [329, 330, 331], and the experimental determination of the product of CKM matrix
element and form factor, yields

[Vesl = 0.9639 + 0.0044 + 0.0032,  [Vea] = 0.2265 = 0.0029 = 0.0018, (56)

where the first uncertainty is due to the experimental measurement and the second is due to the Lattice QCD determination of the form
factors. The extracted value of |V,,| agrees perfectly with the value obtained from a global CKM fit, see e.g. CKMfitter [332], while the
value of |V, differs by a little more than one standard deviation; see also the results from the global fit by the UTfit collaboration [333].
Recent studies of the semileptonic decays D — 7")¢*v, #7 performed in [334, 335, 336, 337, 338] complement the suite of measurements
done with pseudoscalar mesons in the final state. The corresponding results obtained for the value of erD_"’(,)(O) and of the CKM matrix
elements are also reported in [312] 3.

Semileptonic charm-meson decays with two hadrons in the final state and a leptonic pair, {v, allow to study the dynamics of the meson-
meson final-state interaction, since the leptonic pair interacts only weakly. Four-body decays are in general more complex, and both
S-wave (spin 0) and P-wave (spin 1) components, cf. Eq. (62), may contribute. The different resonant and non-resonant contributions 4
can be disentangled via an amplitude analysis, see section 5.3 for a definition of an amplitude analysis. Five-body semileptonic decays such
as DY — Kgn’noe*ve and D" — K‘S)n*n’e*vg have been seen [340] but no information on the form factors is available yet.

The analysis of four-body semileptonic decays allows the study of the hadronic form factors for D meson transitions to vector mesons. One
example of vector mesons is the K* meson which decays into a kaon pion pair. For instance, the decay D* — K~ n*¢*v, is dominated by the
D* — K*0(892)¢*v, contribution, allowing an extraction of the D* — K**(892) form factors. The hadronic form factors of D° — K*~¢*v,
can be extracted from D° — Kgﬂ’f*w decays, while the DY — p=O¢+y, form factors are studied from a D — arl*v, sample. Note
that the same sample allows also to study the much smaller w contribution®. Final states with a KK pair can be used to study decays with
the vector meson ¢ (vector s5 state), etc. The semileptonic decay rate for a vector meson in the final state is described by five kinematic
variables. For instance, in the case of D* — K**(892)¢*v, decay with the K**(892) decaying into a K~7* pair, it reads

dT(D* — K*(892)¢*v,) GV,
(4n)6m%)

= 1(m}y,. q°, 0k, 08 0. ) , 5
dm2, dg?d cos Oxd cos O.dy (miy>q”, O X) 57)

“TThe 5(’) mesons are linear combinations of uit, dd and s5 states.

“8We note that by using the decays with ") as intermediate state e.g. D?.;) — ne*v,, the mixing angle between 1 — 17’ can be accessed via the ratio of the partial decay
widths, cotg =(T(D¥ = 17 e*ve) [T(D} = ne*ve))/(T(D* = ' e*ve) [L(D* = ne* ve)) [335, 337).

“*When a decay proceeds via an intermediate short-lived resonance e.g. D* — K*(892)(— K~n*){* v, we call this a resonant contribution, whereas the direct decay
Dt — K~ nt{*v, is referred to as non-resonant contribution.

30The p and w are both vector mesons composed of the light quarks up and down but in two different isospin configurations. The p forms an isospin triplet p = (o™, p°, p7),
with p* = ud, p~ = dit, p° = (uir — dd)/ V2, while the «" is an isospin singlet with ° = (uit + dd)/ V2.
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Fig. 41: Examples of diagrams contributing to the rare decay D* — n*u*u~: FCNC transitions (left) and weak annihilation (right).

where q2 is the momentum transfer, my,, is the invariant mass of the final state hadrons, X = pg,mp, with pg, being the momentum of the
K system in the D-meson rest frame, 8 = 2p*/my,;,, where p* is the K momentum in the K7 rest frame and the function / contains the infor-
mation about the form factors. Note that there are three different form factors contributing to the differential decay rate in this case, because
of the presence of vector and axial-vector components in the hadronic current of these decays. The remaining angular variables 6, 6, and y
are defined in Fig. 39. For further details on this formalism, see e.g. [339, 312]. Recent measurements for vector mesons have been reported
for the decay D — p(770)¢* v, in [341, 342, 343, 344], for D} — ¢u*v, in [345], for D — K*(892)t*v, in [346, 347, 348, 339, 349, 325],
and for D — w(*v, in [325]. Moreover, studies of the four-body semileptonic decays, and of their S- and P-wave contributions, were
recently published for the decay D° — K%7~e*v, in [350] and for D* — K2n%¢*v, in [351]. In addition to measurements of D-meson form
factors for pseudoscalar and vector final states, also measurements for decays with scalar and axial-vector mesons in the final states are
actively performed, in particular at BESIII. For the former case, recent results can be found in [352, 353, 354, 355] while for the latter
in [356, 357, 358].

Isospin symmetry is an approximate SU(2) symmetry of the strong interaction introduced to explain the nearly identical masses of the up and
down quarks. A simple example of isospin partners is given by the proton (uud) and neutron (udd). Their quark content is very similar, and
differs only by the exchange of the u < d quarks. Moreover, they have similar properties such as their mass. The use of isospin symmetry
means that two particles that differ only by the exchange of the u < d quarks can be treated as two states of one particle. Isospin symmetry
tests can be performed in semileptonic decays by measuring the ratio of partial decay widths such as T(D° — K~e*v,)/T(D* — K%*v,)
and T(D° — ne*y,)/2I(D* — nle*v,). Measurements of these ratios compatible with 1 would imply results consistent with isospin
symmetry. Recent studies performed with the decays D — K;(1270)¢v [359, 357], D° — b;(1235)e*v, [358], D — pl*v, [343, 344] and
D — K{*v, [360, 327] show results that are consistent with isospin symmetry within current uncertainties.

Rare and forbidden leptonic and semileptonic decays: Rare decays are flavour changing neutral current (FCNC) decays which proceed
via penguin and box diagrams in the SM, while forbidden processes in the SM are the lepton number violating (LV) and the lepton flavour
violating (LFV) decays. Leptonic modes such as D° — u*u~, sketched in Fig. 40, and semileptonic modes such as D™ — #*u*u~, shown
in Fig. 41, are examples of FCNC charm decays, whereas examples of LFV and LV decays are the leptonic decay D° — e*u~ and the

semileptonic decay D* — 7~ u*u*, respectively.

Leptonic FCNC charm-meson decays are both helicity and GIM suppressed in the SM and are expected to have tiny branching fractions. For
example, the SM prediction for the mode D° — p* ™ is of the order of 107! [362] while current experimental searches yield upper bounds
of the order of 107 [363, 364]. This experimental measurement is complicated by the presence of hadronic background (D° — 7*77).
Semileptonic FCNC decays include modes such as D — X¢*¢~, where X can be any light vector or pseudoscalar meson i.e. K, x, etc.
These decays proceed via ¢ — uf*¢~ FCNC transitions and are suppressed by the GIM mechanism in the SM. Their short-distance contri-
bution is of the order of O(10~%), however, long-distance effects, where the two leptons originate from an intermediate vector resonance,
i.e. D = XV(— €*¢7), as shown in Fig. 42, can lead to an enhancement, see e.g. [365, 366, 361] and Fig. 43. Modelling the correspond-
ing resonance contributions plays a crucial role in the theoretical predictions and, particularly, in the estimate of their uncertainties, and
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Fig. 42: Example of diagram describing the contribution of intermediate vector meson resonances to the FCNC decay D* — ntu*u~.

in most cases, parameterisations based on fitting Breit-Wigner distributions to experimental data are used, see e.g. [367, 362]. Alterna-
tive, more sophisticated approaches can be found in e.g. [368, 225]. In general, the SM predictions for these channels range from 1073
to 107 [362, 369, 370], where any signal above these values could be a sign of BSM physics. Experimental searches are performed in
different regions of the di-lepton invariant mass, and the intervals are usually separated in low- and high- di-lepton invariant mass for the
signal searches, and in regions around the dominant resonances i.e. 77, w, p, @, ..., for the non-signal candidates, which are often used
as normalisation. The rarest charm-hadron decays ever observed are the modes D° — n*n~u*u~ and D° — K*K~u*u~ with branching
fractions of (9.64 + 1.20) x 1077 and (1.54 + 0.33) x 1077 [371], respectively, in agreement with the SM expectations [372]. A special role
is played by the FCNC decays involving di-neutrinos such as D° — 7%, as in this case the long-distance effects are negligible and the
short-distance contributions from penguin and box diagrams dominate, resulting in a branching fraction of the order of O(107'%) [373].
Searches for such rare decays are ongoing [374], but they are highly complicated by the presence of two missing neutrinos in the final state.

Forbidden semileptonic charm decays include both LV modes with same-sign lepton pair, namely D — X{{ €3, where the leptons could
belong to different flavour families, i.e. /; # [, - lepton family number violating, or to the same family, i.e. /; =/, and LFV modes with
opposite-sign lepton pair, namely D — X{¢7{; where I} # l,. The first class includes channels such as D* — p~u*u*, D* — K~e*e* and
D* — n~ut*e”. The second class contains modes such as D* — n*u*e™ and D* — K*u*e™. A summary of the current experimental limits
for rare and forbidden D*-meson decays is shown in Fig. 44, while a comprehensive list with all available limits for the rare and forbidden
decays of the D*, D, D7 and A, hadrons can be found in [312, 16].

Being very suppressed or forbidden processes in the SM, these charm decays provide a very sensitive candle for BSM physics and their study
constitutes a growing and exciting field of research, see e.g. the reviews [303, 375, 376]. In fact, for the rare channels, any measurement
above the SM predictions would be a strong indication of NP, whereas for the forbidden modes, any experimental signal would unambigu-
ously require a BSM interpretation. Currently, the main strategies for NP searches include the study of (i) branching ratios of forbidden
decays [377, 378] or of decays whose SM predictions are far below the current experimental reach, such as D — u*u~ [362, 379, 363, 380],
and di-neutrino modes [381, 382, 373, 374], see also [383], (ii) multi-body decays in regions of the phase-space away from resonances, in
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Fig. 43: SM differential branching fractions of the rare semileptonic decays D* — n*u*u~ (left) and DY — K*u*p~ (right). In each plot, the
blue band represents the short-distance (non-resonant) contribution, whereas the orange band the long-distance (resonant) one. The solid and dashed
orange curves correspond to different values of the strong phases entering the Breit-Wigner parametrisation of the resonances, namely 6, = 0, 64 = 7,
and 6, = 04 = 0, respectively. Taken from [361] with permission.
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Fig. 45: Lepton flavour universality principle.

order to minimise the sensitivity to poorly known hadronic effects [362, 366, 384, 385, 386, 387], (iii) null tests of the SM, which often are
sensitive to the interference of NP and SM amplitudes, such as angular and CP asymmetries [362, 367, 388, 389, 390, 361, 391, 392, 393],
and (iv) radiative decays [394, 395, 396].

5.2 LFU tests with leptonic and semileptonic decays

Lepton flavour universality (LFU) is an intrinsic feature of the SM but also accidental. The principle behind it is that the leptons of all three
families, i.e. e, u, 7, interact equally with the weak force carriers, as illustrated in Fig. 45. The only difference between these interactions
is given by the mass of the leptons. Experimentally, LFU is probed by measuring the ratio of (semi)leptonic decay rates with leptons of
different flavour. Due to negligible mass differences in the corresponding phase-space functions, the ratio of decays to muons and electrons
is expected to be close to 1, however, mass-dependent terms become significant when one of the decay rates involves the tau lepton, in
which case the ratios are not equal to 1.

For interactions with the W bosons, LFU has been tested to great precision by the LEP, ATLAS, CMS and LHCb experiments. In particular,
in recent years, LFU has been extensively studied in B meson decays (by the Belle, BaBar, LHCb and CMS experiments), but a significant
number of LFU searches have also been performed in open and hidden charm decays, which are fundamental and complementary to the
b-sector searches. By measuring the branching fractions for at least two lepton families, the following ratio can be constructed
Vd D — (X)t'V,
R( ) _ X)l'v,

D— (X)?v Do X, (58)
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where most of the experimental systematic uncertainties cancel. In Eq. (58), ¢’ and ¢ are two charged leptons belonging to different flavour
families. In the case of leptonic decays, the SM prediction does not depend on hadronic inputs and the ratio in Eq. (58) reads

m2, \?
_ 2
4 V) _ (1 m’z’)) m[’

S—+0(107%), (59)
(=5 )

up to higher order electro-weak corrections. In the case of semileptonic decays, the corresponding ratios are built in a similar way, however,
the SM predictions depend on hadronic inputs, namely the form factors and on different phase-space functions, since the phase-space for
multi-body decays is at least two-dimensional. Experimentally, among all three charged leptons, electrons and muons can be detected di-
rectly. Tau leptons are detected via their hadronic or leptonic decays, e.g. via the 7 — n(nm)v,, or T — £v,v, decays. A summary of selected
measurements is shown in Fig. 46 and in Table 10. As of today, no tensions with the SM predictions have been observed.
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Fig. 46: LFU tests with semileptonic charm decays: the re-

Table 10: O i f LFU results with leptonic and semileptoni
sults for the ratio R are shown for different decay modes (here able verview o results with feptonic and semiieptonic

0zt i : charm meson decays. Here R(D* — ﬂoiv) = B oty and simi-
eg. DT> /%v indicates that the ratio R corresponds to yS. w7 T B(DF 5Oty
BD*—n07+y) larly for the other entries, see Eqs. (58), (58). For decays with tau lep-

BT ) and similarly for the other entries); the experimen-

tons, values deviate from unity because of the different available phase-
tal results are shown in blue, with error bars, while the red boxes

space due to the sizeable difference in the lepton masses. Theoretical
correspond to the range of central values predicted by theory, predictions can be found in [403, 404, 405, 406, 407, 408, 409, 410,
given in Table 10. 219]. Note that the SM values for the ratios of leptonic decays in the
first two rows do not include electro-weak corrections, cf. Eq. (59). No
significant deviations form the SM predictions are seen.

5.3 Non-leptonic decays

SM predictions for non-leptonic charm-hadron decays are particularly challenging because of the difficulty to precisely quantify the size of
the corresponding non-perturbative effects. For this reason, different approaches can be found in the literature and often additional assump-
tions are needed to obtain quantitative predictions.
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102 - B(D® — K-7*)

103 B(D® — K-K*)

103 B(D® — n~7*)

10*- B(D® — 7 K™*)

3. 3.90 .53 93
LCSRs [205] 2.99326 3.6773% 1407133 1.80*19
HFLAV [312] 3.999 + 0.045 4.113 +0.051 1.490 + 0.027 1376 +0.017

Table 11: Comparison between the LCSRs predictions and the HFLAV values for the two-body CF, SCS and DCS DP decays. For simplicity we
have added the different experimental uncertainties in quadrature, but the individual contributions can be found in the HFLAV report. Note that the
HFLAV averages have been very recently updated by taking the final state radiation consistently into account.

Two-body non-leptonic decays: A very common method for the study of two-body non-leptonic charm-hadron decays makes use of exact
or approximate SU(3)r symmetry relations, see e.g. [411, 412, 413, 414, 415, 231, 416, 417, 418, 230, 419, 420, 421, 422, 423] and the
references therein. In this type of studies, the approximate SU(3)r symmetry of QCD is used to relate several hadronic structures for a vast
class of decay processes, thus reducing the number of independent parameters needed to describe the corresponding decay amplitudes. The
resulting set of common hadronic inputs is then extracted by performing a global fit to the available experimental data on, for example,
branching ratios and CP asymmetries. Note that, in some cases, by leveraging large datasets, SU(3)r breaking effects can also be taken
into account, see e.g. [230, 419, 423]. Even though such analyses can provide some insight on the hadronic structure of these theoretically
challenging decays, they do not constitute a calculation of the size of their branching fractions or CP asymmetries in the SM.

Further theoretical approaches are based on the use of dispersion relations (DRs), which follow from the analyticity and unitarity of the
scattering matrix. For example, the use of DRs in the large N, limit [424], where N, denotes the number of colours, was employed in [234]
to study the non-leptonic decays D° — n*zx~ and D° — K*K~ and, specifically, to determine the size of the strong phases due to the 7, KK
rescattering, a key ingredient for the prediction of CPV in these decays. Other studies of two-body non-leptonic D-meson decays including
specific modelling for rescattering effects and final state interactions can be found in [425, 426, 427, 428, 429, 430, 431, 432]. We also note
how first steps in determining rescattering effects in charmed meson decays from Lattice QCD have been made in [433, 434], however, an
exhaustive calculation of these contributions is at the present still out of reach.

The framework of LCSRs has proved to be a powerful method for describing hadronic matrix elements, although, in the context of non-
leptonic decays, its use has mainly focused on the B-meson system, see e.g. [435, 436, 437]. In the case of hadronic charmed-meson
decays, LCSRs has been employed in [229] to determine the size of penguin contributions in D° — 7*7~ and D° — K*K~ and recently
in [205] to also estimate the tree-level amplitude and the corresponding branching fractions for the Cabibbo favourite (CF), singly Cabibbo
suppressed (SCS), and doubly Cabibbo suppressed (DCS) decays D° — n#*K~, K*K~,n*n~, K*n~, sketched in Fig. 47. The comparison
between the LCSRs predictions and the experimental average determinations is given in Table 11. The overall agreement appears very good,
particularly given the approximations made and the challenges of dealing with charm systems. The central values agree well with the data,
while the theory uncertainties, conservatively estimated, are still much larger than the experimental ones. Experimental measurements allow
to validate theoretical calculations and test the SU(3)r symmetry breaking in two-body hadronic charm decays. Currently, the most precise
absolute branching fraction measurements for charm decays into two pseudoscalar mesons come from the BESIII collaboration [438] where
the single-tag technique has been used as the final states can be fully reconstructed. These results are then averaged with other experimental
measurements in [312] - or alternatively in [16].

In the ratio of branching ratios, however, due to the cancellation of common theoretical uncertainties, the theory precision becomes higher
and one finds [439]:

B(D° — K-K*)

B(D® - K- K*)
B(D° — nnt)
exp

=2.63=+0.
B(DY — %) 63+0.36,

LCSRs

=2.760 + 0.060, (60)

where, for simplicity, the experimental uncertainty has been obtained adding the individual uncertainties in quadrature. It is important to
stress that the experimental value in Eq. (60) indicates a severe violation of the SU(3)r symmetry in the branching fractions of the SCS
decays, which overcompensates the phase space suppression of the D® — K*K~ mode. This result appears to be well captured by the
LCSRs prediction. We also note that already within the naive factorisation approximation the agreement between the above-mentioned
decays and the corresponding experimental data is found to be, taking into account the complicated hadronic structure, excellent [205], and
the large size of the SU(3) breaking in the SCS decays is reproduced by the current Lattice QCD results for the 7, K decay constants and
the D — {r, K} form factors [210].

Multi-body non-leptonic decays: Multi-body charm-hadron decays provide a very interesting system with a larger set of observables, as
consequence of the richer kinematical structure. Multi-body final states can be reached through many different intermediate short-lived
resonances. These decays are particularly sensitive to measurements of D° — D® mixing and searches for CPV as they offer a particularly
interesting playground to study the interplay between weak and strong interactions. They are also important for QCD tests and spectroscopy.
In fact, multi-body hadron decays provide important information about light meson-meson scattering amplitudes for example in decays like
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Fig. 47: Some of the topologies contributing to the CF, SCS, and DCS two-body D° decays. The CF and DCS proceed only through tree-level
amplitudes. The SCS decays receive contributions from tree-level and penguin amplitudes, which have different strong and weak phases. To keep
the diagrams more transparent additional gluon contributions are not drawn.

Dt - K" K*K" [440], D* —» K n*tn" [441, 442], and D(*x) — - ntnt [443]. Precise theoretical predictions, however, are clearly difficult
and often based on specific model assumptions. One of the most commonly used theoretical method is the isobar approach, in which the
hadronic matrix element is parametrised as a sum of interfering decay amplitudes, each proceeding through resonant two-body decays, see
e.g. [444]. Other approaches use dispersive methods [235, 236, 445], multi-meson models with chiral Lagrangians, see e.g. [446, 447], and
methods based on chiral unitarity, see e.g. [448, 449].

Experimentally, multi-body analysis in charm is a challenging area of research. However large datasets available from LHCb, Belle/Belle 11
and BESIII mean it is possible to explore the phase-space of D meson decays in extreme detail. For the analysis of multi-body decays
constraining the kinematics of the decay is extremely important. The Dalitz plot, named after the late Richard Dalitz, displays invariant
quantities of a decay in a multi-dimensional plot [450]. Originally a tool used to explore the 7 — 6 problem where two nearly identical
particles decayed into two and three 7 respectively, this plot—more humbly named a “phase space plot” —allowed physicists to investigate
the spin structure of the T meson . For a three-body decay to three scalar/ pseudoscalar particles the degrees of freedom can be constrained
as in Table 12. A common parametrisation of the remaining degrees of freedom is m%z, m§3, namely the two-body invariant masses, where
the subscript indicates the combination of the final state four-momenta used, i.e. ml.zj = (pi + p;)*. The decay rate for a given three body

31 At the time when the Dalitz plot technique was invented, the K mesons were referred to as “tau mesons”.
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Constraints Degree of freedom
Three four-vectors 12
Momentum conservation -4
Three masses -3
Three Euler angles -3
TOT 2

Table 12: Degrees of freedom for a three-body decay. These constraints are due to momentum conservation in the frame of the decaying particle,
the masses of the final particles being known, and finally the rotational invariance of the system, i.e. conservation of angular momentum, the Euler
angles.

decay is given by
1 1
T (2n)2 32m

S IMP dmiy dm3s (61)
h

where my, is the mass of the decaying hadron, and the density of different parts of the Dalitz plot are described by the modulus squared of
the invariant amplitude, M. This tells us that if the invariant amplitude is constant the plot will have no features and would be consistent
with a direct decay to the final state with no intermediate processes or final state interactions, a non-resonant decay 2. However, nature is
rarely so tidy, so we can consider intermediate states known as resonances. In general these resonant states are described through a series of
two-body decays, this is the isobar formalism—first used to describe pion-nucleon, nucleon-nucleon and antinucleon-nucleon interactions.
If resonant structures exist, the invariant amplitude M is no longer constant and structures will form in the Dalitz plot. In general two-body
intermediate states are described by the relativistic Breit-Wigner function, i.e.
2

1
m

ﬂBW = Ty =
2~ S22~ szlz

(62)
which models the resonant structure in terms of an amplitude governed by its pole mass, s1,, decay width, I', and the mass of the combined
particles, mj,. In the case where the decay width of the resonance tends to zero this generates a delta function passing through the Dalitz
plot at the given pole mass, whereas a large decay width will generate wide structures. Similarly to how mass and the decay width of an
intermediate resonance can be manifest in the Dalitz plot, so does spin. In the case of spinless final state particles, a resonant state of spin
S will have nodes and zeros in its propagator corresponding to Legendre polynomials that are used to describe this phenomenon. This
parameterisation is known as “helicity” and in essence describes the correction to the propagator as,

A~ ﬂBW Ps (COS 9) N (63)
where
1
Po(cos@) =1, Pi(cosf) =cosf, Pr(cosh) = 5(3 cos’6-1), .... (64)

with 6 being the angle between the decaying particles momentum vector and the spin quantization axis —interested readers are directed
to [451] for a deeper discussion of the formalism. This parametrisation leads to the rich array of structures in Fig. 48 where resonances such
as the spin 2 K*(892)~ have 2 nodes in the kinematic space. As a final point, depending on the decay path and final state interactions, the
resonances can be out of phase, leading to constructive and deconstructive interference across the Dalitz plane. This is extremely important
to methods sensitive to strong phase variation across the Dalitz plane.

There are various approaches to using multi-body analyses in charm physics that build off the use of Dalitz space. One of these is the
amplitude analysis, that seeks to model all the resonant and non-resonant contributions. These are summed in the form

Alm) = )" a,e® A(m) + axge ™™ Axg (m), (65)
where each resonant amplitude consists of a magnitude, a,, a phase, ¢, and propagator - usually a relativistic Breit-Wigner. The components
with a subscript NR correspond to the non-resonant contribution, typically an S-wave. The K-matrix formalism [453] can be applied to
the analysis of the S-wave, alternatively quasi-model independent methods exist which parametrise the S-wave component with generic
complex functions and determine it from data, as done e.g. in [443, 454].

52This makes the assumption that non-resonant contributions have a constant propagator. There can be small variation in M due to final state interactions, although these
do not manifest as strongly as resonances in the Dalitz space. A full treatment can be found in [447].
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Fig. 48: Three different Dalitz plots of the D — Kga*n~ decay from D** — DOxz* decays formed with the two-body invariant masses Mf(sﬂi,
M12<S s (eft), Mf(sn_, M,% o (middle), Mer”J M?{S” .. (right). To guide the eye, the vertical, horizontal and diagonal lines indicate the approximate
location of the two-body intermediate resonances. Note that here M? is equivalent to the m? defined in the text. Taken from [452].

An example of modelling the phase-space in the charm sector is best shown through the analysis of D° — Kg n*n~ completed by Belle and
BaBar [452], a channel of particular importance to time-dependent CPV measurements. This modelling as seen in Fig. 49 takes into account
12 different resonant structures and a further 2 non resonant contributions. From an experimental perspective having datasets of order 1
million events as presented in Fig. 49 gives a unique sensitivity to resonances with sub % level contributions to the fit. This level of sensitivity
ensures that interferences are not mistaken as signs of CPV. This is only a single example of amplitude analysis with a rich multi-body
program presented across Belle, BaBar, BESIII, CLEO and LHCb. Other examples of model building through amplitude analysis include
DY — ntnat [443], DY — nta ot [454], Af — pK-at [455], D° — K~ K*n® [456], D° — K¥atatat [457), D° — K*K ntn”
[458], D* —» K n*n*n® [459], D} — n*n nta® [460], D° — n*aa*@n~© [461],and D* — K3n*n [462]. Searches for CPV using
amplitude analysis will be discussed in Section 6.2. Furthermore, multi-body decays can be analysed with statistical, model-independent
methods to measure D°-D° mixing and CPV parameters. These will be discussed in more detail in Sections 6.1, 6.2.

6 Mixing and CPV in charm

6.1 Charm mixing and CPV in mixing

Neutral meson-antimeson mixing, although established in the kaon system in the late 50’s [463, 464, 465, 466, 467, 468], in the B%-meson
system in 1987 [469], and in the Bg—system in 2006 [470], could only be observed later in the charm sector. In fact, as discussed in Section 1,
while the existence of D°-D° mixing could be inferred already in 2007 from a combination of measurements from different experiments,
see [471], it was not until 2012 that the observation was made with a single measurement [21]. The reason being that charm mixing, unlike
the mixing of down-type neutral mesons, is severely suppressed by the GIM mechanism.

This section presents the theory status of charm mixing and experimental searches for mixing and CPV in time-dependent measurements.
Note, however, that searches for AY, also a time-dependent observable related to DO-D° mixing, are discussed in the context of CPV in
charm hadron decays in Section 6.2. For a comprehensive review of the experimental status of mixing and CPV see also [237].

Experimental searches with two-body decays: the first observation of D°-D° meson mixing with a single measurement was obtained
by the LHCb collaboration [21] through the lens of wrong-sign (WS) — right-sign (RS) decays. The decays in question were D — K*n¥,
see Fig. 47, where the RS (K~z*) rate is dominated by the CF decay D° — K~ 7" and by an extremely suppressed contribution from the
DCS decay D° — K~n* following D°-D° mixing; whereas the WS (K*7~) rate receives contribution from the DCS decay D° — K*n~
and the CF decay D° — K*7~ following D°-D® mixing. The interplay between CF and DCS modes in the RS-WS decays is sketched in
Fig. 50. Both charm mixing and the Cabibbo suppression contribute to the different yields of the RS-WS candidates, and these differ by
roughly O(10°) as it can be seen in Fig. 51.

A measurement of the relative rate between the WS and RS yields, N(WS), N(RS), in bins of decay time, does not directly give access the
mixing parameters x and y—(see the preceding chapter)), since, due to final-state interactions and hadronic effects, the observed rates also
depend on the relative CP conserving strong phase d between the DCS and CF amplitudes. As a result, one can only be sensitive to a linear
combination of x and y, which depends on the value of ¢. In fact, in the limit of small mixing parameters, the time-dependent ratio between
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Mf(s . (top), M%fs s (middle), M]zr o~ (bottom). The plots on the right use a log scale to highlight sensitivity to low fit fraction resonances. Note that

here M2 is equivalent to the m? defined in the text. Taken from [452].

the observed WS and RS yields, R(f), can be approximated as

N(WS)

RO = Fxs)

t 72 + 72 t 2
~Rp+ VRpy - + i A (—) s (66)
T 4 T

where t/7 is the decay time in units of the measured D°-meson lifetime, R, is the ratio of WS to RS decays at ¢ = 0, i.e. without contributions
from mixing, and x’, ¥’ are a combination of the mixing parameters x and y, defined as
X' = xcosd +ysind, Yy = —xsind +ycosé, (67)

with x2 +y2 = x> +y2. In the absence of D°-D° mixing i.e. for x = 0 and y = 0, it follows that y’ = x’ = 0 and that the ratio R(¢) is in-
dependent of time and consistent with the Cabbibo suppressed ratio of WS to RS decays, namely R(f) = Rp. Conversely, D°-D° mixing
causes this ratio to vary with time, so that the existence of charm mixing can be inferred from a measurement of the decay-time evolution of

o n

4 m 7 DCS
DO mix RS K nt DO mix  Ws Ktn—

mix DCS mix CF
D’ D’
Fig. 50: Schematic visualisation of the interference paths between CF and DCS amplitudes due to D°-D° mixing, in the RS decay D° — K~ (left)
and WS decay D° — K*7~ (right).
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R(#). The time-dependent measurement of the ratio of WS to RS yields performed in [21], led to the results shown in Fig. 52. The fit shows
that R(z) is not constant in time and presents a clear and beautiful experimental observation of charm mixing, with the no-mixing hypothesis
excluded at 9.10-.

The WS-RS technique can also be used to search for CPV in the mixing process, by comparing R(¢) for D° and D° mesons. The WS-RS
ratios for D° and D° mesons are referred to as R*(f) and R™(7), respectively, and defined as

)2 yx2 2
R()* ~ R + \/%y’ié + % (é) . (68)
One can then search for signs of CPV by comparing the time-dependent ratio of WS and RS decays. Since R},(R},) represents the ratio of
DY%(D%) WS-RS decays without mixing, we can fix this term to be insensitive to direct CPV, by substituting R} = \/1% into Eq. (68)
which forces into the fit the hypothesis that the D® and D° are CP symmetric. Similarly, we can test the no-CPV in mixing hypothesis by
fixing y'~ = y’* =y and X'~ = xX’* = x’. This decision enforces that the mixing parameters are identical for D and D°. Recent analyses
have been performed with hadronically tagged D° — K*x* [472] and semileptonically tagged D — K*z¥ [473] decays. In particular, the
results of [472] have lead to an improvement of the precision compared to the previous best measurement of approximately 60%. However,
these measurements still remain consistent with the no-CPV hypothesis—either direct or via mixing.

Experimental searches with multi-body decays: It is also possible to carry out WS-RS analysis in multi-body modes. This was done by
Belle, investigating mixing in the WS decays D° — K*n~n° [474] and D° — K*n~n*n~ [475], while a first observation of mixing in the
latter mode was made by LHCb in 2016 [476]. A measurement of y’ in D® — K*x~n" 7~ is of particular interest as it helps to constrain the
CPV weak angle y through secondary decays from B* — DK* [477].

DCS R — pr*+ T T T T
DY , TTK* )|

Mix

m | CF
gl o ntK*T

DO| DCS/CF > pOKbp I

Fig. 53: Possible decay routes for the mode D° — K‘S) a* ™. If there is CP violation in D — D° mixing, this could increase/decrease the ratio of CF
to DCS decays.
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In comparison to two-body analysis, multi-body analysis has the prospect of accessing CPV and mixing parameters directly, rather than
as a linear combination. In contrast to Eq. (67), where parameters x’ and y’ are a single phase dependent linear combinations of x and y,
in multi-body final states these can be accessed “independently” as different regions of the dalitz space will contain different strong phase
rotations of the linear combination. The strong phase rotation in these analyses is obtained either from model-dependent analyses, which,
may introduce significant additional biases; or via model-independent approaches, using quantum-correlated events at the charm threshold
as explained later in the text. Although this makes multi-body decays an extremely powerful tool, these analyses represent a major experi-
mental challenge, often involving a complicated multi-dimensional analysis and systematic study.

The self-conjugate mode D° — Kg n*n” is one channel where we can extract mixing parameters directly and search for evidence of CPV in
charm. This is because both D° and D° have access to the same final state ngr*ﬂ’ through CF and DCS decay routes, see Fig. 53. Unlike
the WS-RS methodology presented earlier, that can be constrained only up to a global phase, it is possible to access CP-eigenstate processes
simultaneously, allowing for absolute strong phase differences across the multibody space to be constrained, cf. Fig. 59. For this reason,
the decay mode D° — Kgﬂﬁr’ is often referred to as a “golden mode”. This multi-body final state can be analysed with model-dependent
methods such as the amplitude analysis [478], or with model-independent techniques, such as the bin-flip analysis [479] discussed below.

To experimentally access the CPV structure of D° — Kgﬂ*n’, the mixing and CPV factors need to be properly parametrised. We use the
mixing parameters x and y; moreover, CPV in mixing is encoded in a non-zero value of |p/q| — 1, while the relative phase ¢ = arg(41y), is
sensitive to CPV in the interference between mixing and decay. In CF/ DCS decays, the weak phase contribution to Ay from the decay
amplitudes is negligible [480], hence it is common to approximate ¢ ~ arg(g/p) >> . A convenient parametrisation reads [479]:

x[]z + p ]cos¢+y[lg‘ —‘I—)
Pl 14 Pl 14

] sin ¢>] R (69)

Ax=l )c[lz‘—‘gjcos¢+y[]z + B]sinqﬁ}, (70)
21 \pl la rl lqa

pr:l y[lz + E]cosqﬁ—xﬂg‘—‘l—)]sinqﬁ} s (71)
20°\p| |4 rl lq

Ay:l y[]z‘—‘ﬁ]cosqﬁ—x[]z + B]sin(b]. (72)
20°\p| |4 rl 14

From the above equations, we see that in the absence of CPV in mixing and in the interference of mixing and decay, that is for |¢/p| = 1
and ¢ = 0, we obtain Ay = Ax = 0, and xcp = x, ycp = y. However, CPV in the interference i.e. ¢ # 0, or CPV in mixing, |q/p| # 1, will
manifest changes in these values. With this parametrisation it is possible to use a time-dependent Dalitz plot analysis, coined as a bin-flip
analysis [24] to follow a similar procedure to the WS-RS analysis. Data is partitioned in order to constrain the strong phase at each point
in the Dalitz plot, see Fig. 54. This binning choice is optimised to control the strong phase rotation present each dalitz region balancing
between flatness and statistics. The self conjugate properties of K*n~ also allow for access to the global phase rotation so the bin-flip
parametrisation in Eqs. (69)-(72) is sensitive to x and y rather than x” and y’. This partitioning uses strong phase inputs determined from
CLEO-c and BESIII [481, 482], as discussed further below. The ratio between the upper and lower bins of the Dalitz plot distinguishes the
CF from the DCS decays as the charge of the intermediates flip depending on the route, see Fig. 53. This means that the K** forms in the
lower section of Fig. 54 whereas the K*~ forms in the upper section. As a function of decay time, the ratio of strong phase bins above and
below the meridian gives sensitivity to the variables x and y [24] similar in structure to WS-RS analyses.

The details of the formalism used in the study are more involved and the keen reader should refer to the original publication [24]. However,
Fig. 55 should show the reader how mixing evolves over this decay, similar to the WS-RS analysis presented earlier in the section, where
each plot is a different strong phase rotation. Similarly, Fig. 56 shows how bins above and below the meridian can be subtracted to search
for CPV. This multi-body result presented by LHCb in 2021 [24] was the first non-zero measurement of the mixing parameter x in a single
channel. The results of the fit, testing the CPV-allowed hypothesis i.e. |¢/p| # 1 and ¢ # 0, are as follows:

xcp = (0.397 +0.0544) - 1072, Ax = (=0.027 + 0.018) - 1072,

(CPV allowed), (73)
yep = (0.459 £0.1471) - 1072, Ay = (0.020 £ 0.0383) - 1072,
which, using Egs. (69) - (72), lead to
x= (03987003107, y = (0467013 - 1072, Ig/pl = 0.996£0.052, ¢ = (-0.056704) . (74)

53The phase convention adopted here is from Kagan and Silvestrini [480]. ¢ is defined with respect to the dominant AU = 2 dispersive and absorptive mixing amplitudes.
It is referred to in the literature as ¢,.



Charm physics 45

25

m2 [GeV?/cA]

+b

Absolute bin index b

15

P N W~ OO N

0.5

05 1 15

2 25 3
me [GeV3/cA]

Fig. 54: “Binning” of the D° — K27T+7r‘ Dalitz plot. Colours indicate the absolute value of the bin index b (each of the 8 colours on the vertical z
axis corresponds to one bin in the strong phase difference). m?2 refers to the invariant mass combination of Ksz* and m? refers to the invariant mass
combination of Ks7~. The binning is symmetric with respect to the m> = m? axis to be sensitive to the CF and DCS routes described in the text. For

each of these bins, the strong phase difference parameters ¢; and s; are measured with quantum correlated charm pairs, see Fig. 59. Taken from [24].
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Note that for ease of interpretation, the statistical and systematic errors from the bin-flip analyses have been summed in quadrature [24].

Not only do the values obtained using the bin-flip method dominate the world averages of the parameter x, they have helped to define
the most precise measure of CPV through mixing and interference in the charm sector. However, since CPV remains still unconfirmed,
the world averages taken from HFLAV [312] testing the no-CPV, i.e. |g/p| = 1 and ¢ = 0, and the CPV-allowed, i.e. |g/p| # 1 and ¢ # 0,
hypotheses, respectively, are:

x= (0.4344t3;}§g) 21072,y =(0.646 +0.024) - 1072, (no CPV), (75)

x = (0407 £0.044)- 1072, y= (0.645tg;g§§) <1072, |g/pl = 0.994*3018 ¢ = (~0.0453 £ 0.0209) , (CPV allowed). (76)

The status of charm mixing and CPV, for the CPV-allowed case, is summarised in the HFLAV fits to current experimental measurements
shown in Fig. 57; see also [333, 483] for similar analyses, which also include constraints from current measurements of the CKM angle 7.
Fig. 57 shows the allowed regions for the CPV parameters |¢/p| — 1 and ¢ ~ arg(g/p), while Fig. 58 shows the constraints on the mixing
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parameters x and y. Currently, the no-CPV hypothesis is excluded at 2.1¢0- and the no-mixing hypothesis is excluded at more than 100

Although an exciting step, the measurement reporting the observation of x remains statistically limited, and future analyses will be vital to
constrain this further. Unfortunately, y is extremely sensitive to the strong phase partitioning in the bin-flip methodology. In general the
mixing-terms for CP-odd yields partially cancel between upper and lower dalitz bins. This increases the uncertainty on y and Ay by around a
factor of 2. Complementary model-dependent analysis such as time-dependent amplitude analysis [478] can offer an opportunity to resolve
this. As discussed in Section 5.3 the amplitude analysis models the strong phase, and more importantly, the interference between different
states removing the ambiguity caused by this partitioning and cancellation. By defining a model where the evolution of the strong phase is
captured as a function of decay time it is possible to extract a less statistically limited determination of y. This methodology was applied
successfully by Belle in 2014 [478] where the formalism is outlined in more detail; currently, this measurement remains statistically limited.

~ o ~ o Input from quantum correlated D° mesons for charm mixing o ~ o ~

Some hadronic final states can be reached via the decay of both the D® and the D° as parent particle. Examples of such final states are
K*K~, n*n, Kgﬂ+ﬂ_, etc. In general, for these modes, there may be a difference between the magnitude and/or the phase of the decay
amplitude for the D° and the D°. For multi-body decays like Kg n*n, the CP-conserving strong phase difference will vary over the phase-
space of the decay. Knowledge of the strong phase differences in the phase space of Kgﬂ 7~ is invaluable input to both direct CPV and
mixing measurements done at experiments like LHCb and Belle/ Belle II where this information is not directly accessible. The idea of
using quantum correlated input for Kgn*n~ decays was first introduced for measurements of the CKM angle y in [484], and later optimised
in [485, 486].

For charm mesons produced at the (3770) resonance just above the threshold for production, the kinematics of the decays is well defined,
and the processes are relatively background free. With this pure source of neutral charm-meson pairs (which are produced either as flavour
eigenstates, DD, or CP eigenstates, Dcp+Dcp-), we have unique access to information about the strong-phase differences, coherence
factors and the CP content of the decays, as briefly described below >*.

If we have two neutral charm mesons decaying into two-body final states, such as the case of K*n* final states, the interference between
the amplitudes can be written as:

A + Ao = | A + | A + 2|A, | As] cos 8, (77)

4 A novel technique to extract the strong phase differences in D-meson decays using quantum correlated D°D° pairs produced at e*e™ collisions at energies above the
¥(3770) threshold has been recently proposed in [487, 488].
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where | A 5| are the magnitudes of the amplitudes, and ¢ is their relative strong phase. For multibody decays, such as the case of K*n*n* 7*
final states, the equation is similar

fdxlﬂl + Aal* = A2 + A3 + 2RA A5 cos S, (78)

where x describes the multi-body phase space, A;, are the phase-space averaged magnitudes of the amplitudes i.e. A? = f dx|A;?, and
0 < R < 1 is a coherence factor first introduced in [489]. For a generic final state f, one can define the coherence factor Ry and the strong
phase difference 6';) as

[ A 0A(x)dx

f
R fg”(sn =
ArAf

, (79
where the Ay(x) are the complex amplitudes at one point of the phase space, x. The parameter Ry is usually < 1 for multibody decays. The
parameters Ry and d are polar coordinates which can also be presented in a Cartesian basis (c, s) = (Ry cosdr, Ry sindy). If measured in
bins i of the phase space, these would be labelled (c;, s;).

Then, the decay width of a double-tag final state /(3770) — DD — [F][G], where [F] and [G] are generic inclusive final states, is [489]

[(FG) = To{A%: AL + A% AZ — 2RZRZLArArAGAG cos[6(F) — S(G)]}, (80)

where Ty = T((3770) — D°D®), and [6(F) — 8(G)] is the strong phase difference between the amplitudes of the two final states.

Strong phase differences can be measured at the CLEO-c and BESIII experiments where two charm mesons are produced coherently using
a double tag technique, where an extended list of the possible tag modes includes:

o Flavour tags: these can be flavour specific decays, namely processes where the final state can be reached only through a decay of the
D° or D meson such as the semileptonic decays K~ e*v,. Alternatively, final states such as K-n*, K-n*n°, K~n*n~n*, etc., can be
used. Such final states are reached mostly via the CF amplitude and receive a small contribution from the DCS amplitude due to D°
mixing. Because the latter contribution is strongly suppressed, these hadronic modes can be used as flavour tags.

e CP tags: these are decays in which the final states are eigenstates of the CP operator. They include CP-odd states such as K*K~, n*n~,
Kgﬂoﬂo, Kgﬂo, ng, etc., and CP-even states such as K(S)no, Kg 1, Kg)]’, Kg w, K 770, etc.

o Mixed CP content: these are D-meson decays in which the final state is not a CP eigenstate and has mixed CP content. They can be
quasi-CP even states, such as "7 3, and mixed CP states, such as K*K~7°, m*n~n*n~, Kin*n~, K)n*n~, etc. The latter two are
particularly important for the determination of differences of strong phases in D° — Kga*n~ decays, see e.g. [482, 491].

In the measurement of the strong-phase differences in the mode D° — KJ7* 7~ 36, the effect of the different tags for D — Kgn*n~ decays
can be clearly seen in Fig. 59, where the BESIII collaboration published three different Dalitz plots tagged with flavour, CP-odd and CP-
even tags [482]. To understand how this works in practice, it is easiest to describe the effect of the quantum correlation with CP-odd and
CP-even states. If one side of a quantum-correlated charm pair decays to a CP-odd state, then the other side must be a CP-even state, as
the creation of two CP-odd or two CP-even states is not allowed due to the quantum numbers of the parent particle, which are conserved in
the strong decay. Thus, using the CP-odd state as a tag, only the CP-even contributions will be visible in the Dalitz plot distribution of the
signal. More specifically, let us take as an example the intermediate contribution Ksp, which decays to Ksn*n~ via p — n*z~ (its location
on the Dalitz plot can be seen along the diagonal in Fig. 48 (left)). As this state is CP-odd, its contribution to the final state Kgz*n~, if the
latter is used as a signal, will be visible in the Dalitz plot corresponding to a CP-even tag. Conversely, if CP-odd tags are used, the CP-odd
contributions in the signal Dalitz plot will be suppressed. These changes in the resonant structure of the Dalitz plot for CP-even and CP-odd
tags can be seen comparing the middle and right plots in Fig. 59.

By reconstructing both D mesons in the event and from the analysis of the corresponding Dalitz plots, at BESIII it is thus possible to obtain
direct sensitivity to the relative strong phases between the D® and D° meson decays. The strong-phase differences are commonly split in
8 equal intervals following a model proposed by the BaBar collaboration [492], and measured in each interval or bin. These bins can be
visualised over the Dalitz plot of the decay. Measurements are made in three different binning schemes: equidistant, where the data in the
whole range of the relative strong phase, between —x to r, is divided into discrete bins of equal width; optimal, i.e. with maximal sensitivity
for measurements of the CKM angle y in a low background environment e.g. at the Belle/Belle I experiments; and modified optimal, for a
high background environment where the levels of the expected backgrounds at the LHCb experiment are taken into account. The binning
scheme relevant for charm mixing is the equidistant binning scheme, shown in Fig 54. The measurements of the strong phase differences
were first made by the CLEO collaboration [481], and more recently by the BESIII collaboration [482, 491]. The strong-phase difference
parameters ¢; and s; shown in Fig. 60, describe the average value of the cosine and sine of the strong-phase differences cos Adp and sin Adp,
where A, indicates the relative strong phase of the D® and D° amplitudes, over the phase-space bin i, respectively. These parameters are

3This decay is referred to as quasi-CP even because its CP even fraction F, defined as the rate of CP even signal D-meson decays compared to all CP even and odd
signal decays, is found to be close to 1: F, = 0.9406 + 0.0036 + 0.0021 [490].
3Note that a similar measurement of the strong-phase differences can be done with the D° — K En*n’ decays.
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Fig. 59: Comparison of different tags for the D® — Kgzn*n~ decay at BESIII: flavour tags (left), CP-even tags (middle), CP-odd tags (right). Taken
from [482].

defined as [491]
1
¢ = ——
VEF;

1

$i= f oo (2 )l fio (2,2 sin [ASp (%, m?) | dmdimi?., (82)
where m? is the invariant mass of the Ksa* system, fpo(m2,m?) is the amplitude of the D decay and fpo(m?, m?) of the D° decay to
Kgn*n~, respectively, in correspondence of the points (m?,m?) and (m*,m?) in the Dalitz plot, F; is the fraction of events in the i bin of
the flavour specific decay D® — Ksn*n~, where each bin is defined in Fig. 54. Details on the formalism, the importance of the different
tags and the experimental results can be found in [481, 482, 491].

f oo (s 2 fiw (., m)| cos [ ASp (i, m2) | dm’.dm?., @1

For measurements of the CKM angle y or charm mixing parameters with multibody CF or DSC decays such as D’ — K~n* 72~ n* and
Knr®, the coherence factor, the strong phase difference and the ratio of the suppressed over the leading amplitudes, rg = Aj/ Ay, constitute
important inputs [493]. Another interesting observable measured at charm at threshold for CP eigenstates is the CP content of decays
(mostly relevant for measurements of the CKM angle y), defined as 'y = N, /(N, + N_) where N, and N_ are the decay rates of CP-even
and CP-odd charm mesons for the signal mode, and it has been measured for D° — 7zz° and KKz° [490], KKnnr [494], nnnm [495]. For a
more complete overview of the input from quantum correlated charm see e.g. [496, 497, 498, 499, 500].

Theoretical status of charm mixing: In the SM the phenomenon of D°-meson mixing is described by box Feynman diagrams (shown
in the preceding chapter); the off-shell contributions to these box diagrams, corresponding to internal down, strange and bottom quarks,
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Fig. 60: The strong-phase difference parameters c;, s; measured by the BESIII collaboration for the equal binning scheme shown in Fig. 54. The
data points in red correspond to measurements without any constraints, the points in green correspond to measurements with constraints from
model predicted differences between Kgn*n~ and K;n*n~ decays, and the blue points correspond to predictions from amplitude models; data and
predictions are in good agreement. Taken from [491].
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l:g) f(é 1) f‘(70)
Gerlach, Nierste, Reeck, Stabovenko, Steinhauser [504, 505, 506, 507] Beneke, Buchalla, Greub, Lenz, Nierste [508] Beneke, Buchalla, Dunietz [509]
Asatrian, Hovhannisyan, Nierste, Yeghiazaryan [510] Ciuchini, Franco, Lubicz, Mescia, Tarantino [511] Dighe, Hiirth, Kim, Yoshikawa [512]
Lenz, Nierste [513]

Table 13: Status of the perturbative contributions I’y in the HQE for D°-meson mixing.

describe M ,, while I'1, is given by the on-shell contributions to the box diagrams with internal down and strange quarks. Since the masses
of the down-type quarks are much smaller than my - differently from mixing of down-type mesons where m, > my - in the charm sector,
both M|, and I'}, are dominated by long-distance effects, making their theory predictions particularly challenging.

Starting with the somewhat less involved problem of determining I}, and thus the observable y, we can split up the individual contributions
due to the down and strange quarks as

iy = = (I} + 24,405 + TY4) = =22 (T3 = 2033 + T94) + 24,4, (033 — T94) — 3094, (83)
where 4, = V,V;, and l"'f;’ , with ¢, ¢’ = {d, s}, denote the individual contributions to the box diagram with internal ¢ and ¢’ quarks. Note
that on the r.h.s. of Eq. (83) the CKM unitarity has been employed to rewrite 1; = —A; — A, in order to make more explicit the pronounced
hierarchies that characterise this observable. In fact, taking into account the numerical values of the CKM elements, see e.g. [332], namely

-2 =-4792-1072 -5.6914- 107i, 24,4, = +2.758 - 1077 = 6.129- 107, -A2 =+1.563-10% +1.764-107%,  (84)

we find that the first term on the r.h.s. of Eq. (83) has the largest CKM factor, whereas the second and even more the third term are strongly
CKM suppressed. On the other hand, taking into account that m§ /m%v ~ m% /m%v < 1, we expect the first two terms on the r.h.s. of Eq. (83)
to be extremely GIM suppressed. As a result, all three terms on the r.h.s. of Eq. (83) are small and could be of similar size.

Applying the framework of the HQE, which is well established for the description of inclusive observables in the b-sector and it also seems
to reproduce the experimental values of the charmed hadron lifetimes, to the theoretical description of I, yields, similarly to Eq. (42), the
following expression

Ty = 167 <Q6> r7<Q7> |, with =04 (4 )r“’ (4)F(2) , (85)
m

(,' c

where Qg are local AC = 2 operators of the type O, o« [ge,1[g(iDy) -6 (iD,)c,], and T'; are short-distance functions calculable in pertur-
bation theory. Their current status is shown in Table 13 3. As for the corresponding non-perturbative parameters, determinations of the
dimension-six matrix elements from Lattice QCD have been performed in [501], while results within QCD sum rules have been obtained
in [252]. For the dimension-seven matrix elements, no precise first-principle determinations are available yet. First Lattice QCD results
have been published in [502] for the case of BY-meson mixing, while partial results (only the so-called condensate contributions) have been
determined within the HQET sum rule approach in [503].

Theoretical predictions based on Eq. (85) show that whereas the size of the individual contributions F‘fg is by some factor larger than the
experimental value of y, the GIM suppressed combination in Eq. (83) leads to yugr ~ 3.6 - 1077 [514], four orders of magnitude below the
experimental determination of y! The big question is therefore: how to understand these extreme GIM cancellations? More than 30 years
ago, in [515, 516] it was suggested that these cancellations might be lifted by higher orders in the HQE, namely by dimension-nine and
dimension-twelve contributions. In this case, while the individual contributions to F?;’, would become smaller at higher orders - each further
order is suppressed by an additional power of Aqcp /., in the combination 2253 + 22,4,13% + A2I'%4, the mass suppression could be over-
compensated by a weaker GIM mechanism. This idea has been further investigated in [517, 518, 519, 520] and despite some indications of
possible enhancement effects have been observed, a complete picture of higher-dimensional contributions is so far still missing. Another
more recent idea was proposed in [514]. In the latter study, the possibility was investigated that by using an alternative renormalisation
scheme to compute I'j5, namely by varying the renormalisation scales of the individual contributions describing intermediate dd, sd, and ss
states, separately, the GIM mechanism could be lifted and the theory uncertainties would be enhanced to a level that the experimental value
of y could be accommodated [514].

In addition to relying on the inclusive description of I'j; based on the HQE, exclusive methods have also been employed in the literature.
In this case, the idea is to directly estimate all the intermediate hadronic states contributing to I'j», a task that is clearly very challenging,
particularly in the charm sector, see Section 5.3. Simplified approaches, in which, e.g. only phase-space effects are taken into account
without determining the corresponding hadronic matrix elements, yield, however, promising results and the value of y is found to be of the

5TThe references in Table 13 mainly concern B?_ﬂ mixing, but the results obtained can be generalised to D° mixing with the proper replacements m;, — m., m. — i etc.
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same order as the experimental one [521]. Other approaches using dispersive methods have been adopted in [522, 523, 524, 525]. Finally,
also BSM interpretations of the experimental value of y have been investigated in the literature, see e.g. [526].

The theoretical determination of M|, is even more involved and suffers, in principle, from the same type of challenges as for I'j,. We
note that in [527] a dispersion relation was derived in order to relate x and y and study the relative size between the two, since, being both
dominated by long-distance contributions in the SM, naively, no significant hierarchy would be expected. Indeed, the analysis indicated
the absence of sizeable differences between x and y in the SM. To conclude, there is still plenty of work to be done in the theoretical
description of charm mixing, either within the inclusive or the exclusive approach. In the future, even a direct determination from Lattice
QCD calculations might become feasible, following the ideas presented in [433, 434]. For the above reasons, a robust theory determination
of CPV in D° mixing, which requires the knowledge of both M, and I';, is still missing however, this effect is expected to be small in the
SM, see e.g. [528]. Experimentally, this phenomenon has not been observed yet, and it provides an opportunity for so-called null tests of
the SM.

6.2 CPV in charm hadron decays

Experimental searches with two-body decays: The discovery of CPV in the charm sector was announced in 2019 by the LHCb col-
laboration [28] °® . This observation was performed by measuring the difference between the CP asymmetries in the D° — K*K~ and
D° — m*n~ decays, a quantity denoted by AAcp, namely

AAcp = Acp(KTK™) — Acp(n™n7), (86)

where Acp(f) is the time-integrated CP asymmetry in the decay D° — f. The time-dependent CP asymmetry Acp(f; 1), for f = KYK~, n*n~,

is defined as

LDt —» /) =TD°1) = f)
I(DY(t) = f)+T(D°(1) — )’
and receives contributions from the direct CP asymmetry, ag‘{,, describing CPV in the decay, see the preceding chapter, but also from the
indirect CP asymmetry, aic"g, sensitive to CPV in D°-Dmixing or in the interference between mixing and decay. The effect of the latter,
will depend on the decay-time distribution. The time-integrated asymmetry

Ace(f31) = 87

I’ - -1 - f)

A= 0 S AT S ) %)
can be thus written as [532, 312]
Ace(f) = a‘éi;(f)(l et »] +aip™ 2 = gy - arn ™2, 59)

dir : dir ( p\ — MAD-NHP-IAD-HI : : 0 : :
where agp(f) is defined as agp(f) = A DEHAD (t(f?) is the mean decay time of D” — f in the reconstructed sample, 7 is the
D°-meson lifetime, and Ar(f) = —(@%9(f) + ycpaln(f)) ~ —al%(f), is defined as the asymmetry between the effective decay times # of the

DP and D° decay to the same final state f, where #(D° — f) = fom T (D(r) — f)dt/ fom I[(D°(7) — f)dt, namely

D = f) = #D° > )

A = — . 90
M= S pr e S ) o0
The observable Ar is related to AY defined as
D - pH-TD" - f)
AY, = : : 1
7 T , o1
where ' = #7! by
AYy = —-Ar(f)(1 + ycp) = —Ar(f), 92)
up to small corrections of the order of less than 1% due to ycp ~ O(1073), see Section 6.1. Using Eq. (89), AAcp in Eq. (86) becomes
: At
Aep ~ Adlis + ay2D, 93)
T

where A(t) is the difference of the mean decay time of D° — K*K~ and D° — 77~ in the reconstructed sample. Further details on the for-
malism can also be found in [480]. Note that in Eq. (93) we also dropped the final state dependence on AY assuming AYg+g- = AYpe - = AY.

58 This important milestone in flavour physics was listed, in the same year, as one of the top 10 breakthroughs of 2019 by the PhysicsWorld [529].
59 A summary of the interesting “AAcp-saga” leading to the discovery of CPV in the charm sector can be found e.g. in [530], discussing the status after first experimental
hints in 2011, and in [531], discussing the status after the final discovery in 2019.
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Fig. 61: Signal distributions of D® — K*K~ (left) and D° — 7* 7~ (right) decays. In the two top plots, the distributions of the invariant mass of D%z
correspond to promptly produced charm mesons, while in the two bottom plots, the distributions of the D invariant mass comes from secondary
muon-tagged decays. Taken from [28].

This is valid with corrections expected at O(107) [533], far below current experimental sensitivity, see also the discussion below.

Experimentally, we can only measure the so-called raw asymmetries for a given decay D° — f. In fact, the CP asymmetry Acp cannot
be accessed directly, as additional sources of asymmetries also contribute to the measured yields. These are referred to as nuisance
asymmetries and one of the main experimental challenges is to disentangle them from the CP asymmetry of interest, as their effect is
~ O(1%), and the CP asymmetry is at least an order of magnitude smaller. The nuisance asymmetries include detection asymmetries Ap
and production asymmetries Ap ®. The detection asymmetry arises from the different interaction cross sections of final state particles with
the material of the detector (kaons, pions) which is momentum dependent [16], as well as from possible detector asymmetries such as dead
channels, from different track reconstruction efficiencies for different sides of the detector, etc. ¢! The production asymmetry refers to the
different production cross sections of particles (e.g. B and D mesons) and their antiparticles in proton proton collisions, and there are several
different mechanisms contributing to this [534], one of which is the combination of the produced heavy quarks (c, ¢ or b, b) with the valence
quarks of the protons since ¢Z will be produced in pairs but they will hadronise differently 2.

Due to the presence of nuisance asymmetries, the raw asymmetries will depend on the specific tagging procedure adopted. For promptly
produced charm mesons, the raw asymmetry reads

ND** - D(f)n*) = N(D'~ = D(f)n")

n—tagged —
A D = N S D Py 4 ND = DO

(C2))

where N(D** — D(f)n*) is the yield of the neutral D° mesons promptly tagged with the charge of the soft pion in the strong decay
D** — Dz (similarly for the charge-conjugated mode D*~ — D°(f)n~). The raw asymmetry can be then decomposed as

AL ()~ Acp(f) + Ap(D™) + Ap (). 93)

%Note that at e*e~ colliders, the production asymmetry is from the forward-backward asymmetric production of charm mesons in e*e~ — ¢z events.

©INote that some detector asymmetries at LHCb can be cancelled by swapping the polarity of the magnetic field, however this cancellation is imperfect because of possible
movement of the detector, of the imperfect alignment of the detectors, etc. Swapping the magnetic field also has no effect on the asymmetry coming from the material
interactions therefore most asymmetry measurements do not rely on swapping the magnetic field.

92A ¢ quark could couple to valence quarks and form a charmed baryon e.g. A, while the excess ¢ quarks could be combined with valence quarks to create more D°
mesons compared to D° mesons.
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Fig. 62: Decay-time dependent asymmetries of D® — K*K~ (left) and D° — #* 7~ (right) decays measured by LHCb. Taken from [533].

where the detection asymmetry Ap(ry,,) is related to the reconstruction efficiency of the tagging pion and the production asymmetry
Ap(D**) is related to the production of D** mesons in proton proton collision ®. For D° mesons semileptonically tagged via the decay
B — D°u,X, the raw asymmetry reads

N(B — DY) 7,X) = N(B = D*(f)*v,X)
N(B = DOy 7,X) + N(B > DO v, X)

Al () = (96)

and the corresponding nuisance asymmetries are given by the production asymmetry of the B meson Ap(B) and the detection asymmetry
related to the tagging of the muon Ap(t,), i.e.

ALy Acp(f) + Ap(B) + Ap (ki) - o7

In the difference of the raw asymmetries the contributions of the nuisance asymmetries cancel to first order, so that AAcp can be derived
from the raw asymmetries measured experimentally [28], that is

Arw(K*K™) = Ao (0'77) = Acp(K*K™) = Acp(n*n7) = AAcp. 93)

The measurement leading to the observation of AAcp in [28] was performed using both prompt and secondary charm decays collected by
LHCb. The signal peaks corresponding to the data collected in the Run 2 can be seen in Fig. 61. The approximate yields are 44 million
prompt and 9 million secondary D° — K*K~ decays, and about 14 million prompt and 3 million secondary D° — 77~ decays. The results
for both samples are, respectively [28]

AAT ! = [18.2 £ 3.2(stat) + 0.9(syst)] - 1074, AAX“ = [-9 & §(stat.) + S(syst.)] - 107, (99)
leading to the combined final result, which includes also previous measurements [535, 536], of
Acp = (=154 £2.9)-107*. (100)

As for the time-dependent observable, AY, related to Ar, the most recent precise measurement comes from the LHCb collaboration [533]
and is determined as the slope of the time-dependent asymmetry measured in bins of decay time as shown in Fig. 62. The LHCb legacy
measurements, done with the full dataset (including Run 1 and Run 2 data samples) of D° — K*K~ and D° — n*n~ decays collected by
LHCb, are [533]

AYgik- = (03 +1.3+0.3)- 1074, Ao = (=3.6+24+04)-107, (101)
and their average is
AY = (1.0 + 1.1 £0.3)-107*. (102)

The results for AYg-x- and AY,+,- are consistent with zero, and in agreement between each other, indicating that AY is independent of the
mode, at the current level of precision. These are also in line with previous less precise measurements of Ar by the BaBar [537], Belle [538]
and CDF [539] experiments.

The interplay between direct and indirect CPV for the two-body D® — K*K~ and D° — n*n~ decays can be seen in Fig. 63, where the
inputs from time-integrated measurements are displayed on the y axis, and time-dependent measurements are shown on the x axis. The
slight slope of the blue (LHCb) and pink (CDF) bands corresponding to measurements of AAcp comes from the last term in Eq. (93). The
HFLAV fit [312] gives

A = (=0.010£0.012)%,  Ad% = (=0.159 = 0.029)% . (103)

631n Eq. (95), possible detection asymmetries due to the final state particles K* K~ cancel out: Ap(K*K~) = 0.
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Fig. 63: HFLAV plot showing the current status of the direct CPV, Aadcilg (along the vertical axis), and indirect CPV, aié‘g (along the horizontal
axis), in charm decays, obtained combining measurements from LHCb (blue), Belle (green), BaBar (yellow) and CDF (pink) experiments, where the
individual measurements are presented by white bars. Note that as there are several results from the LHCD collaboration, the darker blue regions are
simply a result of the overlap of the individual blue bands. The global fit result is indicated by a cross, and the ellipses correspond to the 1o, 30~ and

5o regions. The no-CPV point is denoted with a white dot. Taken from [312].

Although the measurement of AAcp is a great achievement, the question of the origin of CPV still remains, for which it would be beneficial
to study individual CP asymmetries. In the context of sub-percent precision for AAcp measurements, all other sources of asymmetry in
Eqgs. (95), (97) need to be properly controlled. This can be achieved through a careful cancellation with control channels, as it has been
done in [536, 540, 541], with [541] being the most precise measurement. Typically, one selects CF modes as control channels as, within the
SM, we do not expect any CPV effects in the latter, and therefore we are only left with the production asymmetry associated with the parent
particle, and the detection asymmetries related to the final-state particles. For the measurement of Acp(K* K ™), this cancellation is outlined
below using the following CF modes: the promptly tagged decay D° — K~z* via D** — D%(— K~ n*)my,, and the decays D* — K™ n*n*
and D* — K°r* %, The corresponding measured raw asymmetries read:

D* = DY (K n")n* : Auw(Km) = Ap(D™) + Ap(n},,) + Ap(n*) — Ap(K*), (104)
DY = K n*n* 1 Apy(Kam) = Ap(D) — Ap(K¥) + Ap(n}) + Ap(n}), (105)
D" - K" 1 Apw(K'7) = Ap(D?) + Ap(x¥) + AKY), (106)

where the nuisance asymmetries for each decay mode have been colour coded to make more transparent how their combinations can cancel
in the signal mode. Here, A(K") is the neutral kaon asymmetry including effects of CPV, mixing, and regeneration after interacting with the
material of the detector 9. In the CF decay D** — D°(K~n*)n* we have the same production asymmetry associated with the D**, and the
same detection asymmetry of the soft pion as in the signal modes used for the AAcp measurement. However, in contrast to the symmetric
signal modes D — K*K~ or D° — n*n~, the detection asymmetry of the final state K7 does not cancel, and this is why we need both
D* modes: the Kr asymmetry of the D** — D°(K~ )+ mode will cancel if we subtract the Kz asymmetry measured with two of the
final state particles in D* — K~ z*z*; then the remaining production asymmetry and the detection asymmetry of the remaining 7* will be
cancelled with the measurement of the asymmetries in the D* — K%7* mode. This is can be achieved in the following way, namely starting
with Eq. (95) for f = K*K~, subtracting Eq. (104), adding Eq. (105), and then subtracting Eq. (106), leading to

Aran (KT K™) = Apaw (KT + Apa (K77) = A (KO7) =
= Acp(K*K7) + [Ap(D™") — Ap(D* )] + [Ap(y,,) — Ap ()] + (107)
[Ap(K*) = Ap(K )] + [Ap(n]) — Ap(n*)] + [Ap(D*) — Ap(D™)] +
[Ap(73) = Ap(n*)] = A(K?).
One condition for this method to be successful is that the kinematic distributions of the particles whose asymmetries we want to cancel

match, and this can be achieved through a re-weighting of the distributions. All terms in the square brackets of Eq. (107) cancel, and
re-arranging for Acp(K* K™) yields

ACP(K+K_) = Araw(K+K_) - Araw(Kﬂ') + Araw(Kﬂ”) - Araw(f{oﬂ') + A(KO) > (108)

%Note that there are alternative CF control samples which can be used. Also, at LHCb, the decay mode D* — K" is reconstructed with two charged pions, and is
dominated by the K state.

95Reference [542] suggests that in future measurements with large data samples, the effect of CP violation from the interference of the D° decay into K° and K°, and
neutral-kaon mixing may also become relevant
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Note that here a = adiy(/). Taken from [541].

where now all the asymmetries, apart from A(K®), refer to the raw asymmetries in the respective decay mode, and these can be measured
directly in the experiment. As the effects of CPV, mixing, and regeneration of neutral kaons are very well known, the asymmetry A(K®) can
be obtained as detailed in [536, 543]. Using this method Acp(K* K™) has been measured to be [541]

Acp(K*K™) = [6.8 + 5.4 (stat) + 1.6 (syst)] - 1074 (109)

Note that this measurement has been performed with kaons as the yields are higher than for the 7*7~ channel. Assuming that time-
dependent CPV is final state independent, AYg+x- = AYy+,-, the values of direct CPV in the two SCS decay modes have been obtained
from the combination of the current LHCb average for AAcp together with the measurement of Acp(K*K~). These values respectively
are [541] %

af(K*KT) = (1.7+57)- 107, aff(x*n") = (23.2+6.1)- 107, (110)

providing the first evidence for CPV in a specific D decay i.e. in D° — x*z~. This result is most interesting when plotted as in Fig. 64,
which reveals a departure from the strict U-spin symmetric limit a‘g{,(K *KT)+ adci{,(ﬂ*ﬂ‘) = 0 of 2.70~. We note however, that this tension
is reduced if also the U-spin breaking in the corresponding branching fractions is taken into account, see [544].

Further study into AAcp and direct CP-violating quantities will be exciting for the future of charm physics. As of now, no other experiment
has the statistical power to measure a non-zero AAcp. Therefore, it is important to re-measure this observable with future samples, and
in other two- or multi-body decays. A related decay mode is the D° — Kg Kg channel for which the most recent combination of Belle/
Belle II results gives Acp = (—0.6 = 1.1 £ 0.1)% [545]. Very recently, the LCHb collaboration reported Acp = (1.86 + 1.04 + 0.41)% [546],
which represents the most precise single-experiment determination of this quantity to date. Previous measurements include the LHCb re-
sult in [547], the Belle/ Belle II measurements in [548] and most impressively, although with a slightly lower precision, the CMS result
in [549]. Sum rules provide additional tests of the SM [416, 312] and can relate the decay rates of final states with isospin partners e.g.
two-body decays such as D — K*K~, D° — a*n~, D° — 7%2° or D* — 2%, D° — #*n~, D° — n%°. In the SM, Acp(D* — n7%) is
expected to vanish, as it does not receive the contribution of two interfering amplitudes with different strong and weak phases. The most
precise measurement of the CP asymmetry in D* — a*n® comes from the Belle 11 experiment Acp = (—1.8 £ 0.9 + 0.1)% [550]. Belle I
recently released a new measurement of the CP asymmetry in D° — 797%, Acp = (—0.30 + 0.72 + 0.20)% [551] slightly less precise than
their previous measurement of Acp = (—0.03 + 0.64 + 0.10)% [552].

Time-integrated asymmetries Acp have been measured in about 60 modes [312], all compatible with CP conservation at the current pre-
cision. Some of the more precise measurements are shown in Table 14. Measurements of CP asymmetries in decays with K; in the final
state, e.g. D’ > KX, X = w, ¢, 1, " [553] have been reported by BESIII, however due to the double tag technique needed to infer the
presence of the K; (by the amount of the missing energy), the yields are limited, and the uncertainties on the CP asymmetries in such decay
modes are of the order of a few percent. Asymmetries with sub-percent precision have been measured for several multi-body decay modes
as well e.g. in D* — Kga*n® [554], D* — K*K~n* [555], D° — n*n~a° [556], D° — Kga*n~ [557), D° — K*K~n*n~ [558], however,
there are special techniques for searches of CPV in multi-body decays which offer a greater sensitivity, and they are discussed further below.
The first observation of CPV in baryon decays (/\2 — pK~n*n™) was reported by the LHCb collaboration in 2025 [559]. The CPV searches
in the charm baryon sector are limited, a couple of examples are the searches in SCS decays A} — AK* [560], and in the difference of CP

%6 A recent combination of measurements of charm-mixing parameters performed by the LHCb collaboration [483] yields adC‘l',(l(‘r K7) = (Gfg) -107* and ag\fl',(n*n’) =
(22+6)-107*.
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Decay mode adcilr, Reference
D’ —» K K* (+7.7+5.7)- 107 LHCb [541]
DY — nnt (+23.2+6.1)- 1074 LHCb [541]
Decay mode Acp Reference
D" — 700 (=0.03 £0.64 £ 0.10)% Belle [552]
D — KUK} (=0.6£1.1+0.1)% Belle/ Belle 11 [545]
DY — Kgn° (=021 £ 0.16 + 0.07)% Belle [552]
DY — Kgn (+0.54 £0.51 £0.16)% Belle [562]
D° — Ksif (+0.98 £0.67 £0.14)% Belle [562]
D* — n*n° (-1.3+£09+0.6)% LHCb [563]
D* - n*p (+0.13 £ 0.50 £ 0.18)% LHCb [564]
D* - n*yf (+0.43 £0.17 £ 0.10)% LHCb [564]
D* — ¢n* (+0.003 £ 0.040 + 0.029)% LHCb [565]
D* — (K°/KOK* || (-0.004 + 0.061 + 0.045)% LHCb [565]
Dt - ntyf (—0.04 £0.11 £ 0.09)% LHCb [564]
D — (K°/K%)n* (+0.16 £ 0.17 £ 0.05)% LHCb [565]

Table 14: An overview of some of the most precise measurements of Acp with about a percent or sub-percent precision, all of which are consistent
with CP symmetry conservation, apart from the direct CP asymmetry measurement in D’ — 7~ 7" which constitutes the first evidence of CPV in a
single charm decay mode. The most precise individual asymmetries are presented in the top two rows. Extended list of results can be found in [312].

asymmetries in the SCS decays A} — pK*K~ and A} — pr*n~ [561], also in the rare decays A} — pu*u~ [392]. These are all compatible
with CP symmetry conservation.

Experimental searches with multi-body decays: Searching for direct CPV in multi-body decays, as already described in the case of CPV
in mixing in Section 6.1, builds off the study of the corresponding Dalitz space. Before discussing the available model-independent meth-
ods, it is important to touch on the application of model-dependent amplitude analysis for the study of direct CPV in multi-body channels.
With a suitable amplitude analysis it is possible to investigate local CPV effects through asymmetries in the magnitudes, a,, and phases, ¢,
of each individual resonance, cf. Eq. (65). For more details, the reader should refer to the wealth of model-dependent results for multi-body
modes obtained by e.g. CLEO [566, 567], LHCb [458] and BaBar [555], etc..

Moving onto model-independent methods, one such method that aims to analyse the significance of local CP asymmetries in the Dalitz
space is the Miranda method [568]. The original Miranda method computes the difference between matter and anti-matter candidates in
each bin of the Dalitz plot, before computing their significance. The local CP observable Scp is defined as

. N' - aNi ;N
Sep = L oa with @ = iV

fas?, + &%) LN

where N' and N' represent the number of signal candidates in the i bin of the Dalitz plot, and 6y, & i their corresponding statistical
uncertainties. The factor @ normalises the total candidates between the compared samples. To explore CPV, a y? test is then conducted,
with y? = Z,-(SEP)2 — with the number of degrees of freedom being the number of bins minus one. In the absence of CP violating effects
we would expect this sum to follow a normal distribution as the local effects average over the whole kinematic region. Although this robust
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Fig. 65: Mass distributions for the D candidates in three repre-
sentative Dalitz plot bins (a,b,c), defined in the lower right sub-
figure. Fitting these distributions greatly reduces the error on N’
when using the Miranda method. The Dalitz description here is
Siow for the invariant mass squared of the lowest momenta K+ K—
combination, and sy;g;, for the invariant mass squared of the high-
est momenta K* K— combination. Taken from [573].
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Fig. 66: Asymmetry distributions for the D{ candidates. One
can see how the asymmetry can vary across the space although
the global asymmetry remains consistent with zero. The Dalitz
plot description here is s, for the invariant mass squared of the
lowest momenta K* K— combination, and sy, for the invariant
mass squared of the highest momenta K* K— combination. Taken
from [573].

method has been used in a number of analyses [569, 570, 571, 572], we point out how the main issue when using this method is extracting
a good estimate of N’ for each bin in high-background measurements. In the case of high-background measurements this estimates of N
can become biased. However, in 2023 LHCb extended the method carrying out a 3-body mass fit in each bin, see Fig. 65 extracting a
more unbiased estimate of N’ [573]. Although this extension continued to support the no-CPV hypothesis, see Fig. 66, it was a meaningful
extension to multi-body methodologies.

D°-p° D°-D° D°-D°
Fig. 67: Visualisation of the energy test method. The blue dots represent a sample n formed of D® mesons and the white dots a sample 7 formed
of DY mesons. Searches of CPV among the samples are performed comparing the following three differences D° — D° (red), which evaluates the

density of the D? sample, D — DY (black), which evaluates the density of the D° sample and D — D° (green), that evaluates differences in density
between these samples. These three contributions correspond to the three terms in Eq. (112).
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An alternate method is the energy test (ET) [574, 575, 576]. The ET defines a test statistic to compare the relative density between two
Dalitz spaces at every point in the space. This is defined as

1 n 1 n 1 n,i
T=——— ijt ij— — ij» 112
2n(n —1) ;wj 2n(n —1) ;lﬁj ni %:wj (12)

where the first term corresponds to the sum of a weighted distance ¢;; between pairs of events, (i, j) in the sample n. The second term
calculates the same for the sample 7 and the final sum represents the weighted distance between events in each sample. The normalisation
terms remove any global asymmetries. The different sums can be visualised simply in Fig. 67. In the case in which both samples are
identical - or near to, the 7 value will fluctuate around zero. As the difference increases between the samples the value of 7" will also rise.
In order to make any inference about the significance of this 7' value, it needs to be converted to a p-value. To do this, under the hypothesis
of CP symmetry, we take permutations of our test sample with randomly assigned tags - where tags refer to the flavour of the D meson.
The p-value for the no-CP-violation hypothesis is obtained as the fraction of permutation 7" values greater than the observed T value. It is
an important distinction that we extract a p-value for the no CP-violation hypothesis as we cannot run permutations for the inverse. The
challenge of calculating these permutations for large datasets is circumvented by [577] applying a scaled version of these permutations

LHCb has demonstrated the strength of ET with searches in D° — n*a™ 2% D° — n*a n*7~ and most recently D — KK*7™ ¢ yield-
ing results consistent with CP conservation [579, 580, 581]. The analysis of decays with more particles such as D° — 77~ n* 2~ provide
increased computational challenges with the increased dimensionality. The LHCb analysis on the Run I dataset was consistent with CP con-
servation [582]. There are also experiential cases to implement complementary statistical methods such as the Earth Movers Distance [583].
Any hints of CPV from these statistical methods with larger datasets will provide a smoking gun for multi-body CPV in charm physics.

Finally we can use multi-body decays to search for T violation, where T is the symmetry under time reversal, and by extension CPV, as
a violation of the CP symmetry is equivalent to a violation of the T symmetry, through the use of T-odd triple products [584]. If we
only measure momenta, for a non trivial triple product we require 4 particles. If we consider a decay B Pn, + Py + Pny + Pp, measured
in the frame to the decaying particle, we can construct two decay planes made up of {f,, Pn,} and {P,, Pn,}. These planes intersect at
the straight line given by g, + P, = =P, — Pr,. We then define a unit vector for gy, + i, as 2 and two vectors normal to the previously
defined planes—{py,, pn,} and {Py,, Pr,}—and this vector. We notate these vectors as i3, i34. Thus we can describe the angle w between
these vectors, which gives us

fn - i34 = COSW, iy X fizg =sinw?Z, (113)
leading to a T-odd triple product of the form
(fl1p X fi3g) - Z = sinw. (114)
However, from an experimental perspective, momentum conservation allows us to define the above triple product as
Cr = By - (P X i) (115)

up to a normalisation term omitted for clarity. In essence, these triple products define a volume between vectors that is sensitive to the
different resonant formation between the decay products. The CP analogous observable being given as Ct. Taking this into account, we can
generate asymmetries of the form

N(Ct >0)-N(Ct<0) - _ N(CT<0)—N(CT>O)
N(Cr>0)+N(Cr <0)’ T N(Cr <0+ N(Cr>0)

Ar_oad = (116)
with N, N are the yields of D,y and Dy respectively. This asymmetry is expected to be non-zero, being sensitive to final state interactions.
However, these effects should cancel between the D) and D(y) so we can be sensitive to CPV in T-odd is using

1 _
agy™ = 3 (Ar-ots ~ Ar-oaa) - 117

By construction this method cancels strong phase effects, meaning that any non-zero result would indicate T violation, and by extension
CP, as Art_oqq and At_oqq are conjugate states. This has been used to explore CP and T violating effects in the CF D* — K+K‘K27r+ and
D! — K*K‘S)n*zr’ alongside the CS D} — K *K’K‘S)n* decays [585, 586]. The experimental measurements, summarised by HFLAV [471],
currently remain consistent with zero, see Table 15. However, with the projected luminosity collection of both Belle II and LHCb this
methodology might well provide insight through multi-body channels.

Theoretical status of charm CPV: Due to the very small imaginary part of the CKM matrix elements entering charm decays, CPV in
the charm sector is expected to be a negligible effect. Direct CPV can only arise in decays which receive contributions from two different
amplitudes with different strong and weak phases. For this reason, the SCS decays D° — n*n~ and D® — K*K~ are ideal candidates for
searches of charm CPYV, since, in the SM, they proceed via different hadronic amplitudes with different weak and strong phases, such as

TThe decays of D° — Ks K*°, intermediate contributions to the phase space of D’ — Kg K*n* decays, have been identified as possible discovery channels [578].
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Mode aa","dd Mode az;"dd
D’ - K*K ntn™ +0.0029 + 0.0022 D’ — K‘S)n*n’ﬂo —0.00028 + 0.00138f8:888%g
D’ — K(S)Kgn*n’ -0.0195 + 0.0142f8;88{‘2‘ Dt - KgK*n*n’ —0.0027 + 0.0070

D" — K*K’KgnJr -0.0334 + 0.0266 + 0.0035 || D* —» K*K n*n° +0.026 + 0.066 + 0.013

D* - K*nn*n® —0.013 + 0.042 + 0.001 D* - K ntr*n® +0.002 + 0.015 + 0.008

D} — KYK*ntn —0.0087 + 0.0055 Df » K K'rtn® | (+2.2+£3.3£43)-107

Table 15: The current status of T-odd triple product measurements as summarised by HFLAV [471].

the tree-level and penguin topologies shown in Fig. 47. Specifically, making the dependence on the CKM matrix elements explicit, the
amplitude for e.g. the decay D° — K* K~ can be expressed as

AD® — KYK™) = A4(Ar + AD) + LAS + 1, AL, (118)

where At denotes the tree amplitude, which includes e.g. the tree-level and the exchange topologies shown in Fig. 68 (a), while Ag is the
penguin amplitude which includes the penguin topology with an internal g-quark pair, as shown in Fig. 68 (b). Note that additional diagrams
that may contribute in the SM can be also recast in the form of Eq. (118). Using the CKM unitarity, Eq. (118) can be written as

2
AD® — KYK™) = A, Axk [1 -2 P’“] ,

119
As Agk (119)

with Ak being the CKM leading amplitude, as it multiplies the dominant CKM factor A, and P being the CKM sub-leading amplitude,
highly suppressed by the value of A;,. Moreover, Axg receive contributions from tree-level, exchange, and penguin topologies, whereas
P receive contributions from penguin topologies, see e.g. [205] %. Taking into account that |1,/4,| < 1, the corresponding expression
for the branching ratio and the direct CP asymmetry to good approximation becomes

PI(K

. Pl
B(D® > K*K™) =~ Nxxld,P\ Akl alt(D® —» KK~ -2 ﬂ—” siny sin gxx , (120)
s K

where y denotes the CKM angle in the unitarity triangle and ¢xx denotes the relative strong phase between the CKM sub-leading and
CKM leading amplitudes. Notice that the expressions in Eq. (120) can be easily generalised to the case of D — 7"~ by replacing
Ay = A4, KK — nr and siny — —siny. From Eq. (120) we see that, owing to |A| = |44], in the limit of exact U-spin symmetry, the
direct CP asymmetries for the K*K~ and 7n*n~ final states would be equal in magnitude and opposite in sign, leading to the sum rule
a¥t(D® — nt7r7) + a%(D® — K*K~) = 0. However, the latter is violated by the experimental data in Eq. (110) at the 2.70 level ®. This

CP CP
has been referred to as U-spin anomaly [587] and its possible implications have been discussed in [588, 589, 587].

Combining the expressions in Eq. (120), we arrive at the following form for Aadcil',:

; Al . Pk
Aadt ~ —2|22|sin
“ep As y( Axx

o

sin Pkk +

sin ¢,,,,] ) 121
From the known values of the CKM matrix elements and assuming |P/A| =~ 0.1, as suggested by perturbative QCD estimates [531], the
expected size of the direct CP asymmetry in these channels and thus of Aadcil‘) is of the order of O(107*), the latter being about a factor 10
smaller than the experimental determination in Eq. (103)°. An estimate of the penguin amplitudes Pgx, Py, using LCSRs was derived

in [229]. In the latter reference, the value of the leading CKM amplitudes, needed to determine Aadci{,, was extracted from the precise

experimental data on the branching ratios [16], cf. Eq. (120), yielding an upper bound of IAagilr,lsm < 2.3-107*, in line with naive estimates
and a factor of 6 below the experimental value. This result was confirmed in [205], where the framework of LCSRs was employed to also
estimate the value of the leading CKM amplitudes, without recurring to their experimental determinations. The conclusions obtained within
LCSRs also agree with the results of [234], where the size of final state interactions was studied with the use of DRs. The experimental
value in Eq. (103) has thus lead to several BSM analyses, see e.g. [531, 590, 591].

The ratio of penguin over tree-level amplitudes in D — nm decays, e.g. D® — n*x~, D — 7%2°, has been investigated in [592] in the isospin

8 Additional contributions such as the “penguin-annihilation” topologies also contribute to Axx and Pk, these, however, are expected to be further suppressed by
additional gluon corrections. For a comprehensive list of the possible topologies contributing to two-body D°-meson decays, see e.g. [230].

% As noted above, this tension is reduced if also the U-spin breaking in the corresponding branching fractions is taken into account, see [544].

70This estimate implicitly assumes large strong phases, i.e. sin ¢ ~ O(1). Smaller values of the strong phase would further decrease the expected size of Aagif,.
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(b)

Fig. 68: (a) Examples of tree-level (left) and exchange (right) topologies contributing to At in Eq. (118). (b) Example of penguin topology with
internal ¢ = d, s, b quark pair contributing to Ag in Eq. (118). Analogous diagrams with s — d contribute to D® — 7*7~.

limit and using the experimental values of branching ratios and CP asymmetries; moreover the possibility that Aa“‘cil',lexp could be accommo-
dated by large non-perturbative effects and thus be consistent with the SM has been advanced in [593], based on the use of U-spin relations;
in [432], from a study of final state interactions; in [594], based on an analysis of rescattering effects with potential large contributions due
to nearby resonances such as the fy(1710) and f;(1790); and in [595, 233, 596], based on the use of topological amplitude decompositions
and the SU(3)r symmetry. However, no sign of a large enhancement due to nearby resonances was found in [234] and in the latter work
also some inconsistencies in the approach of [432] were pointed out. Finally, it is important to stress that analyses such as [233] often have
to recur to strong assumptions on the size of the hadronic matrix elements. Hence, currently, an exhaustive theoretical interpretation of the
discovery of CPV in charm decays has not yet been reached.

To conclude, other interesting channels for the study of CPV in charm are D° — KgKg, and D° — KgK%, D® - K K%, namely SCS D°
decays into two pseudoscalar or a vector and pseudoscalar neutral kaons final states. In the SM, these modes proceed only via exchange
and loop-suppressed penguin-annihilation topologies and due to the interference of the ¢ — ddu and ¢ — s3u tree-level transitions, non-
vanishing CPV effects are possible even if only the exchange topology is considered, that is, no penguin contributions are needed for
non-zero direct CPV, contrary to the case of modes such as D — K*K~ and D° — n* 7~ discussed above. For D° — Ky Ky, the branching
ratio is strongly suppressed in the SU(3)r-symmetric limit, as discussed, for example, in [597, 598, 231, 418]. Consequently, the size of
SU(3)p-breaking effects plays a crucial role not only in determining the decay rate but also in controlling the magnitude of CP violation. In
[418], it was argued that CP-violating effects in this channel could be enhanced up to the percent level, while a recent analysis [599] derived
a lower bound at the per-mille level. The pseudoscalar vector modes also proceed only via exchange and penguin-annihilation topologies,
however, due to the presence of distinguishable particles in the final state, the corresponding decay amplitude is not suppressed in the limit
of SU(3)r symmetry [578]. Also in this channel, CPV effects could be enhanced [578], in addition, experimentally, CPV searches would
benefit from the higher efficiency due to the prompt decay K — K*7~.

7 Conclusion and outlook

Charm physics is a very active field of research with important milestones expected in the future. In this chapter we have presented a broad
and pedagogical discussion of the physics of the charm quark, and provided an introduction to the principal experimental and theoretical
methods used to study it, as well as an overview of the current status for fundamental observables like lifetimes of charmed hadrons, rare
decays, CPV and mixing. The charm quark, with its peculiarities, represents a unique system to test the SM, and plays a key role in studying
the interplay between the strong and weak interactions which govern its hadronic decays. In recent years, numerous achievements have
been made in investigating the properties of the charm sector of the SM.

On the experimental side, important breakthrough results have been obtained, such as the discovery of CPV in D° decays and the significant
improvement in the precision of the mixing parameters x and y, firmly establishing charm meson mixing. Moreover, searches for CPV in
other decay modes are actively pursued, and many new particles containing hidden or open charm have been discovered. Limits on the
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branching ratios of numerous rare charm decays have been improved by orders of magnitude and rigorous tests of the SM through studies
of null tests, i.e. observables that vanish in the SM, like CP asymmetries and angular observables have been performed. Our knowledge
of the lifetime of charm mesons and baryons has also been improved, and a wealth of studies of charm decays with multi-body final states
have provided information on the intermediate resonances in such decays, as well as on their dynamics.

Precise theoretical predictions for charm observables are notoriously challenging; however, important theory advances have also been made.
Several studies of the validity of the HQE for charm hadron lifetimes have been performed, showing that this framework is capable of de-
scribing the observed experimental pattern, although with large uncertainties. Moreover, the framework of LCSRs, well established in
the bottom sector, has been applied to the analysis of hadronic effects in charm meson decays and in particular to the study of CPV in
D® — K*K~, D’ — n*n, leading to promising results, even if also with large uncertainties. These findings, with a higher precision could
e.g. imply that the measured value of CPV in the charm system, AAcp could have a BSM origin. In addition, other methods have been
used to study the non-perturbative dynamics in SCS two-body charm meson decays. For instance, dispersion relations have been employed
to investigate final state interactions and estimate the size of CPV in these modes. Moreover, sum rules based on the approximate SU(3)r
symmetry of QCD have been derived to obtain relations between CP asymmetries in different channels, to be tested experimentally. Great
progress has also been made in understanding the QCD nature of exotic states. Finally, numerous studies of rare charm decays have been
performed, and several null tests observables have been proposed in order to test the SM. Such observables could serve as a smoking gun
of NP if any experimental signal were observed.

Charm physics has a bright future. Many of the available theoretical approaches can be systematically improved with current technology,
i.e. by including higher order perturbative and power corrections. Other theoretical methods, such as lattice QCD also have a great potential
to shed further light in the non-perturbative dynamics of charmed hadron decays, and recent progress was made in developing new tools
to be applied to the description of charm mixing. Future more precise experimental data will be of crucial help in answering the still
open questions on e.g. the nature of the observed value of CPV and of D°-meson mixing. In fact, LHCb, with its upgraded detector and
the planned Upgrade II, and Belle II [600] can investigate CP-violating effects in other decay channels than D° — K*K~, 7" 7~ as well
as in D°-meson mixing and a planned Super Tau Charm Facility [601] could contribute with further precise data. Moreover, studies from
BESIII [602] and Belle II [70] of inclusive semileptonic charm hadron decays could provide important information on the size of the still
poorly known non-perturbative parameters of the HQE in charm. More precise tests of LFU can also be performed at these experiments.
Furthermore, particularly important is the role of Belle II for decays with neutral particles in the final state. A future e*e~ collider running
as an ultimate Z factory will open exciting possibilities for charm physics [603], for example stringent tests of the SM via FCNC processes
and further searches of CPV in charm decays could provide indications for physics beyond the SM. All these experiments will continue
their searches of not yet observed conventional and exotic hadrons containing charm, as well as contribute to improve our knowledge of
charm baryon decays. Maybe the charm quark will in the end provide the ultimate clue to explain our existence.
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