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Abstract: After playing a pivotal role in the birth of the Standard Model in the 70’s,

the study of charm physics has undergone a revival during the last decade, triggered by a

wealth of precision measurements from the charm and B factories, and from the CDF and

especially the LHCb experiments. In this article, we sum up how the unique phenomenol-

ogy of charmed hadrons can be used to test the Standard Model and we review the latest

measurements performed in this field by the LHCb experiment. These include the historic

first observations of CP violation and of a nonzero mass difference between the charmed

neutral-meson mass eigenstates, the most precise determination of their decay-width dif-

ference to date, and a search for time-dependent CP violation reaching the unprecedented

precision of 10−4. These results challenge our comprehension of nonperturbative strong

interactions, and their interpretation calls for further studies on both the theoretical and

experimental sides. The upcoming upgrades of the LHCb experiment will play a leading

role in this quest.
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1 Introduction

Flavour physics constitutes a sensitive test bed of the standard model (SM), thanks to two

peculiar properties of its Lagrangian. On the one hand, flavour changing neutral currents

(FCNC) are suppressed by the Glashow–Iliopoulos–Maiani (GIM) mechanism [1, 2]. On

the other, it encompasses only one observed source of violation of the CP symmetry,1

that is, a single irreducible complex phase in the Cabibbo–Kobayashi–Maskawa (CKM)

matrix governing the interaction of quarks with the W boson [4–6]. As a consequence,

CP -violation observables are overconstrained and follow a well defined pattern. Precision

1A second source, ascribable to the strong interaction, is experimentally negligible [3].
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measurements of FCNCs and of CP violation are thus sensitive probes for new interactions

beyond the SM (BSM), which could modify their size through diagrams including particles

off the mass shell, even if their energy scales are larger than those available to the current

particle colliders. Historically, this line of research has turned out to be very fruitful.

Notable examples include the proposal of the GIM mechanism and the prediction of the

existence of the charm quark in 1970 [1], based on the suppression of the branching fraction

of K0
L→ µ+µ− decays [7, 8]; the observation of CP violation in K0 mesons, which suggested

the existence of a third generation of quarks in 1973 [5, 9]; and the first evidence of B0

mixing, which set a lower bound on the mass of the top quark in the 80s [10, 11]. Thus, it

is not unlikely that future studies of rare flavour-changing processes will shed light on the

structure of the BSM interactions that are needed to explain the shortcomings of the SM,

such as the missing explanation of the nature of dark matter [6] and of the cosmological

baryon asymmetry [12].

Charmed hadrons are the only hadrons where precision measurements of FCNCs and

of CP violation involving the decay of up-type quarks can be performed. Therefore,

they are sensitive to a different class of interactions with respect to B and K mesons,

where the decaying quark is of type down. Their phenomenology is also peculiar due to

a stronger GIM suppression — a consequence of the smaller mass of the beauty than the

top quark involved in the respective loop diagrams, and of the smallness of the CKM

matrix elements connecting the first two generations of quarks with the third. In partic-

ular, CP violation is proportional to the following combination of CKM matrix elements,

Im(VcbV
∗
ub/VcsV

∗
us) ≈ −6× 10−4 [13], leading to CP asymmetries typically of the order of

10−4 to 10−3 [14]. The smallness of FCNCs and of CP violation in charm has frustrated

their search for a long time. It was only during the last decade that experimental progress

with the B factories, the CDF experiment and, most prominently, the LHCb experiment

has eventually allowed these phenomena to be observed for the first time.

The entrance of charm physics into the era of precision measurements poses several

challenges not only on the experimental, but also on the theoretical side. In fact, while the

enhanced GIM suppression potentially provides excellent sensitivity to BSM interactions,

the theoretical interpretation of the measurements is complicated by the contributions

from nonperturbative strong interactions involving strange and down quarks [15]. Not

only the size of these contributions is difficult to calculate, but they are subject to large

cancellations, as they vanish in the SU(3)F limit, where the masses of the s, d and u quarks

are neglected with respect to the typical hadronic scale of charm decays, ΛQCD. Therefore,

a rigorous assessment of the agreement of the measurements with the SM will require a

combination of advances of the available theoretical tools and an extensive experimental

program of auxiliary measurements.

This review is structured as follows. Section 2 introduces the theoretical framework

to describe mixing and CP violation in charmed hadrons and outlines the status of the

theoretical predictions. An introduction to the LHCb experiment and to the typical analysis

methods adopted in charm measurements is provided in section 3, before describing the

most important time-integrated and time-dependent measurements performed during the

last few years in sections 4 and 5, respectively. Finally, we conclude by sketching the
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prospects for experimental progress in the coming years in section 6. Throughout this

article, the first quoted uncertainties are statistical and the second are systematic.

2 Theoretical framework

The next sections provide a brief theoretical introduction to the phenomena of mixing and

CP violation in the decay of charmed hadrons.

2.1 D0 mixing

One of the most interesting phenomena involving FCNCs is mixing,2 that is, the quantum

oscillation of a neutral flavoured meson such as the D0 meson, made up of a cu quark pair,

into its antiparticle, and vice versa; see fig. 1. This process is parametrised through the

dimensionless mixing parameters x12 and y12, defined as x12 ≡ 2|M12/Γ| and y12 ≡ |Γ12/Γ|,
where H ≡M − i

2Γ is the effective Hamiltonian of the subspace spanned by |D0〉 and |D0〉
and Γ is the D0 decay width [19–21].3 The mixing parameter x12 (y12) is proportional to

the size of the transition amplitudes between D0 and D0 mesons through off-shell (on-shell)

intermediate states, and is equal to the magnitude of the normalised difference between the

masses (decay widths) of the two mass eigenstates, conventionally denoted as x ≡ ∆m/Γ

(y ≡ ∆Γ/2Γ), up to second order in the small CP -violation parameter φ12 ≡ arg(M12/Γ12).

Experimentally, x12 and y12 are equal to (4.07 ± 0.48) × 10−3 and (6.45 ± 0.24) × 10−3,

respectively [22].

The absorptive mixing amplitude can be written in the SM as [21]

ΓSM
12 =

(λs − λd)2

4
Γ2 +

(λs − λd)λb
2

Γ1 +
(λb)

2

4
Γ0, (2.1)

where λi ≡ VciV ∗ui, unitarity of the CKM matrix is assumed (λd + λs + λb = 0), and Γ2,1,0

are the ∆U3 = 0 matrix elements of the ∆U = 2, 1, 0 transitions, respectively.4 In terms

2We refer the reader to ref. [16] for a recent review of leptonic and semileptonic decays of charmed

hadrons, which are not discussed in this article, and to refs. [17, 18] for updated experimental results.
3We employ natural units throughout this article.
4U spin is the SU(2) subgroup of SU(3)F relating the d and s quarks.
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Figure 1. Examples of diagrams of (left) perturbative and (right) nonperturbative contributions

to D0 mixing. In the right diagram, the dashed area represents low-energy QCD interactions,

possibly involving the exchange of hadrons on the mass shell. The nonperturbative contributions

dominate, since they avoid the suppression from the loop factor, and can have a much milder

SU(3)F-breaking (GIM) suppression [14].
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of their flavour structure, they are equal to

Γ2 = Γdd − 2Γds + Γss ∼ (dd− ss)2 = O(ε2),

Γ1 = Γdd − Γss ∼ (dd− ss)(dd+ ss) = O(ε),

Γ0 = Γdd + 2Γds + Γss ∼ (dd+ ss)2 = O(1),

(2.2)

where Γij designates the absorptive part, proceeding through on-shell intermediate states,

of the box diagrams with internal quarks i and j, and the rightmost terms show the order

of Γ0,1,2 in terms of the U -spin breaking parameter ε ≈ 0.3, assuming that a perturbative

expansion in this parameter is possible [23]. Owing to the hierarchy of CKM elements,

(λs−λd)/2 ≈ 0.22−i 6.6×10−5 and λb/2 ≈ 3.0×10−5+i 6.6×10−5, the first term in eq. (2.1)

is the dominant one, even if it arises only at second order in U -spin breaking [24, 25]. On the

other hand, CP violation requires the contribution of a second amplitude with a different

weak phase [6],5 namely, the second term in the right-hand side of eq. (2.1) or an additional

term from BSM interactions. Conventionally, it is parametrised through the phase of Γ12

with respect to its dominant ∆U = 2 component, φΓ
2 ≡ arg

(
Γ12/

[
(λs − λd)2Γ2

])
, where

the subscript denotes the chosen convention [21].

An analogous discussion and weak phase, φM2 , can be defined also for the dispersive

matrix element, M12, describing off-shell intermediate states. The only difference is that

M1 and M0 receive additional contributions, 2(Msb−Mdb) and 4(Mbb−Msb−Mdb), which

could compensate in part for the CKM suppression.

Providing predictions for the mixing parameters is notoriously a formidable task.

Heavy quark expansion has been successfully used to predict the lifetimes of D0, D+ and

D+
s mesons, suggesting that an inclusive calculation from a perturbative expansion in terms

of ΛQCD/mc ∼ 0.3 and of αs(mc) ∼ 0.33 might be viable [26]. The individual contributions

to y12 from single Γij amplitudes are five times larger than the experimental value prior to

GIM cancellations, but the size of such cancellations is not controlled yet; see ref. [27] for a

review. In the very long term, the size of the mixing parameters may be predicted through

lattice calculations, by building on the methods described in ref. [28]. On the contrary,

exclusive approaches to estimate y12, which sum over the contributions from all the final

states shared by D0 and D0 mesons [29, 30], are unlikely to provide precise predictions. In

fact, the contributions from different final states within the same U -spin multiplet tend to

cancel; hence, the precision with which the branching fractions and the strong phases of the

decay amplitudes are known — in particular for multibody decays — significantly limits

the achievable precision [24]. Moreover, since the exclusive methods are based on charm

experimental data, they are unable to distinguish SM contributions from new interactions.

It is, however, interesting to note that the authors of ref. [24] showed well before a nonzero

value of y12 was measured that even only U -spin breaking from the different phase space

of multibody final states, neglecting all dynamical effects, can account for a value of y12

as large as 1%, which is consistent with the experimental value [31]. Finally, a dispersion

5Weak phases are defined as the phases that change their sign under the CP transformation, like those

of the CKM matrix elements. On the other hand, phases that do not change their sign under the CP

transformation, such as those arising from QCD, are called strong phases.
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relation between the mixing parameters has been derived in ref. [32] in the heavy-quark

limit, predicting values of x12 between 10−3 and 10−2 if y12 is of the order of 1%, in keeping

with the experimental data.

As far as CP violation is concerned, the phases φM2 and φΓ
2 can be estimated from

eq. (2.1) to be of the order of 2 mrad, though enhancements of up to one order of mag-

nitude cannot be excluded [21, 33–35]. An upper bound of 5 mrad has recently been

argued for φΓ
2 [21]. The experimental limits are less precise by one order of magni-

tude, as the weak phases are currently measured to be φM2 = (0.030± 0.021) rad and

φΓ
2 = (0.044± 0.027) rad [22].

Even in absence of precise SM predictions, the small size of mixing and CP violation

parameters can be employed to set stringent limits on the scale of new BSM interactions,

up to more than 104 TeV, by assuming that contributions BSM saturate the measured

values of x12 and φM2 [36–41].

2.2 CP violation in the decay

CP violation can arise also in the decay amplitudes, where it is conventionally quantified

through the parameter

adf ≡
|Af |2 − |Āf̄ |2
|Af |2 + |Āf̄ |2

, (2.3)

where Af and Āf̄ denote the decay amplitudes of a charmed hadron and of the correspond-

ing anti-hadron into the CP -conjugate final states f and f̄ , respectively. This phenomenon

is expected to be observable only in singly Cabibbo-suppressed (SCS) c→ uss and c→ udd

transitions, which receive contributions from QCD penguin and chromomagnetic-dipole

operators. In contrast, Cabibbo-favoured (CF) c→ usd and doubly Cabibbo-suppressed

(DCS) c→ uds transitions cannot be influenced by these operators, as they involve quarks

of four different flavours. Therefore, any signs of CP asymmetries larger than 10−5 in CF

or DCS decays would be an unambiguous evidence of new BSM interactions [14, 42]. The

only exception is that of CF decays that contain an odd number of K0
S kaons in their

final state, since these decays also receive a contribution from a DCS amplitude, whose

interference with the CF amplitude may enhance the CP asymmetry up to 10−4 level [43].

To predict the size of adf , it is useful to decompose the decay amplitude in terms of

CKM factors as

Af ≡ Asd
λs − λd

2
−Ab

λb
2
, (2.4)

where only two terms appear thanks to CKM unitarity, and the choice of using (λs−λd)/2
for the first is dictated by U -spin symmetry arguments. While Asd is in some cases domi-

nated by tree diagrams, it can receive contributions also from exchange, annihilation and

broken-penguin (annihilation) diagrams, where the broken penguin is the U -spin breaking

difference of the penguin diagrams with internal quarks s and d. Analogously, also Ab
contains all the categories listed above, with the exception that broken penguins are sub-

stituted by penguin diagrams with internal quark b and by the U -spin conserving average

of penguin diagrams with internal quarks s and d [44, 45].
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Figure 2. Examples of diagrams contributing to the D0 → K+K− decay. The tree diagram

(left) is proportional to λs, while the penguin diagram (centre) is proportional to λq, where q is the

internal quark of the loop. The right diagram represents rescattering of an on-shell state including

a dd quark pair such as π+π−, represented by the dashed area, into the K+K− final state. This

diagram is proportional to λd and thus contributes to Asd (Ab) with a relative minus sign (with the

same sign) as the tree diagram. Therefore, it gives rise to CP violation if it has a different strong

phase with respect to the tree diagram, as expected from rescattering.

The action of the CP transformation corresponds to the complex conjugation for the

CKM matrix elements, while it has no effects on the strong matrix elements Asd and Ab.

Therefore, the CP violation in the decay is equal to

adf ≈ Im
(

2λb
λs − λd

)
Im

(
Ab
Asd

)
= (−5.8± 0.2)× 10−4

∣∣∣∣ AbAsd

∣∣∣∣ sin δ, (2.5)

where terms of order higher than one in λb are neglected, the CKM factor is taken from

ref. [13], and the strong-phase difference δ is defined as δ ≡ arg(Ab/Asd). Since the second

term in eq. (2.4) is heavily CKM suppressed, the decay width into a given final state is

described to excellent approximation by the first term only, and the magnitude of Asd can

be calculated from the branching fraction of the decay. Thus, to provide predictions for

adf , one then needs to estimate the size of Ab and of δ. Penguin diagrams are naively

suppressed by a factor of αs/π with respect to the tree diagrams [14], leading to an addi-

tional suppression of adf by approximately a factor of 5 on top of the already small CKM

factor. However, final-state rescattering from nonperturbative strong interactions is topo-

logically equivalent to a penguin diagram, see fig. 2, and could enhance this prediction by

up to one order of magnitude, leading to asymmetries of the order of 10−3 [15, 46]. Even

larger enhancements may take place in decays into two neutral kaons, where CP violation is

expected to arise from the interference of the tree-level transitions cu→ ss and cu→ dd [47–

49]. If confirmed, large rescattering effects could also explain the large SU(3)F breaking,

order of 30%, that is observed in some branching fractions — for example, in the ratio

B(D0→ K+K−)/B(D0→ π+π−) and in the relatively large value of B(D0→ K0
SK

0
S) [44].

Improving our understanding of these nonperturbative effects, for example, through studies

of the resonances that might contribute to rescattering [50], or through precise measure-

ments of rescattering close to the mass scale of charmed hadrons [46], is crucial to provide

precise predictions of CP asymmetries.

Nevertheless, it is already possible to relate the size of CP asymmetries of different

decay channels through SU(3)F or isospin symmetry arguments, which may be violated

by BSM interactions [51–53]. For example, eq. (2.5) implies that in the limit of SU(3)F

symmetry the CP asymmetries for two decay channels related by a U -spin transformation,
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such as D0→ K+K− and D0→ π+π−, have equal magnitude but opposite sign. Further

examples will be provided in section 4.3.

3 The LHCb detector and charm physics

As both D0 oscillations and CP violation in charmed hadrons are effects of the order of

10−3 or smaller, they require the collection of ten million decays or more to be observed.

While samples of this size have first been collected at the B factories and by the CDF

experiment, the last decade has witnessed a further leap forward in precision thanks to the

start of operations of the LHCb experiment, which benefits from the high luminosity and

huge production cross-section of charmed hadrons at the Large Hadron Collider [54, 55] as

well as from a detector design dedicated to the study of heavy-quark hadrons.

The LHCb detector [56, 57] is a single-arm forward spectrometer covering the

pseudorapidity range 2 < η < 5, where the production of heavy quarks is concen-

trated [58]. It has recently been upgraded for Run 3 of the LHC [59, 60]. The following

description is of the experiment that operated during Run 1 and 2. The tracking system

consists of a silicon-strip vertex detector surrounding the proton-proton (pp) interaction

region, a large-area silicon-strip detector located upstream of a vertical dipole magnet

with a bending power of about 4 T m, and three stations of silicon-strip detectors and

straw drift tubes placed downstream of the magnet. The minimum distance of a track to a

primary pp collision vertex (PV), the impact parameter (IP), is measured with a resolution

of (15 + 29/pT)µm, where pT is the component of the momentum transverse to the beam,

in GeV/c. This exquisite performance is crucial for triggering on the displaced decay

vertices of heavy-quark hadrons, rejecting the huge background of tracks originating in the

PV. The momentum of charged particles is measured with a relative uncertainty which

varies from 0.5% at low momentum to 1.0% at 200 GeV/c, guaranteeing a mass resolution

of the order of 8 MeV/c2 for charmed-hadron decays into charged hadrons. Together with

the particle identification capabilities ensured by a system of two ring-imaging Cherenkov

detectors, this resolution ensures an excellent signal-to-background ratio for most of

the decays of interest. Finally, the particle identification capabilities are complemented

by a scintillating-pad and preshower detectors to distinguish photons and electrons, an

electromagnetic and a hadronic calorimeter, and a muon detector composed of alternating

layers of iron and multiwire proportional chambers.

The data sample collected to date corresponds to 1(2) fb−1 of integrated luminosity of

pp collisions at a centre-of-mass energy of 7(8) TeV accumulated during the LHC Run 1

(2011–2012), and to 6 fb−1 at 13 TeV accumulated during Run 2 (2015–2018). The on-

line event selection is performed by a hardware trigger, based on information from the

calorimeter and muon systems, followed by a software trigger, which applies a full event

reconstruction in two stages. Because of the large production rate of charm decays in the

LHCb acceptance, of the order of 1 MHz [61, 62], the amount of data that can be writ-

ten to permanent storage is one of the factors that limit the number of decays that can

be collected. To mitigate this problem, since 2015 the alignment and calibration of the

detector is performed in near real-time after the first stage of the software trigger [63].
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The results are then used in the second stage, ensuring offline data quality already at the

trigger level. This opens up the possibility to perform physics analyses directly using can-

didates reconstructed in the trigger, allowing only the triggered candidates to be stored to

disk [64, 65]. The consequent reduction in the event size by one order of magnitude allows

the rate at which data are collected to be increased, by loosening the trigger requirements.

This accounts for a large part of the increased yield of charmed hadrons at equal luminosity

achieved during Run 2 compared to Run 1 . Further gains are due to the higher charm

production cross-section at larger centre-of-mass energy [54, 55] and to the introduction of

a new two-track line looking for displaced vertices at the first stage of the software trigger,

which complements the single-track line looking for tracks with high momentum and IP

used during Run 1 .

It should be emphasised that the collected yield of charmed hadrons, which are here-

after denoted as D, depends critically on their decay topology and on the trigger require-

ments. Contrary to charm and B factories, tight selections on the momentum and IP of

the final-state particles as well as on the D flight distance are needed to distinguish the

signal from the background of random combinations of light hadrons produced in the pp

collision. Moreover, the first-stage software trigger is optimised for collecting B rather than

D hadrons, and B hadrons are characterised by larger momentum and longer flight dis-

tance on average. This often constitutes the bottleneck for the charm collection efficiency,

which can be much smaller than unity especially at low decay times and for multibody

final states, where the momentum and IP of the final-state particles are smaller on average

than those of two-body decays. For multibody decays, requirements on these variables

can also provoke undesirable variations of the efficiency across the final-state phase space.

The efficiency is even smaller for final states including K0
S mesons and hyperons, which

often decay outside of the vertex tracker or even after the tracker upstream of the magnet.

Therefore, they are not reconstructed in the first-stage software trigger, which only relies

on tracks producing a signal in the vertex tracker, or in the second case they are excluded

also from the offline reconstruction as their momentum cannot be accurately measured.

Even lower efficiencies are achieved for neutral pions since, even when the two photons in

which they decay can be distinguished in the calorimeter, the π0 mass resolution is lim-

ited to approximately 9 MeV/c2; besides, the neutral pion cannot be associated to a single

decay vertex. Tight momentum requirements are thus needed to minimise the combina-

torial background [57, 66]. Finally, decay channels with a single K0
L meson or neutrino

could be reconstructed with approximate methods [67], but the unknown initial state of

the D hadron poses additional challenges to the separation from background with respect

to charm and B factories. No measurements of these decays have been published to date.

3.1 Measuring CP asymmetries

The most common observable employed to search for CP violation is the time-dependent

asymmetry between the decay widths of D→ f and D→ f̄ decays,

ACP (f, t) ≡ Γ(D→ f, t)− Γ(D→ f̄ , t)

Γ(D→ f, t) + Γ(D→ f̄ , t)
, (3.1)

– 8 –



where D denotes a charmed hadron, and t denotes its proper decay time. In the case

of charged mesons, D+ or D+
s , of baryons, or when the time-dependent contribution is

irrelevant to the final result, all the quantities in eq. (3.1) are integrated over decay time.

This asymmetry is measured starting from the raw asymmetry between the yields of D

and D decays at decay time t. However, this encompasses additional contributions, which

will globally be referred to as “nuisance asymmetries”, as follows,

Araw(f, t) ≈ ACP (f, t) +Adet(f) +Aprod(D), (3.2)

where Adet(f) is the detection asymmetry of the final state, Aprod(D) is the production

asymmetry of D hadrons, and terms of third order in the asymmetries are neglected.

Detection asymmetries arise from the interplay of several factors. For a given magnet

polarity, low-momentum particles of one charge at large or small emission angles in the

horizontal plane may be deflected out of the detector or into the uninstrumented beam

pipe, whereas particles with the opposite charge are more likely to remain within the

acceptance. This effect is cancelled to a large extent by periodically reversing the polarity

of the magnet. Smaller residual asymmetries remaining after the averaging are due to

right-left misalignment of detector elements and to the small shift of the collision point

with respect to the symmetry axis of the detector; to different beam-beam crossing angles

for opposite magnet polarities; and to variations of the detection efficiency over time. The

different interaction cross-section of positively and negatively charged kaons and pions with

matter plays a role as well, especially when the selection at the hardware-trigger level is

based on the information from the hadronic calorimeter. On the other hand, the production

asymmetry is due to the asymmetric hadronisation of cc pairs into the different species of

charmed hadrons and anti-hadrons, since the pp initial state is not self-conjugate.

Nuisance asymmetries are not reproduced by simulation with the required level of

precision, and must be corrected for through methods based on collected data. This is

usually done by measuring the difference between the raw asymmetry of the SCS of in-

terest with one or more CF decays which share the same nuisance asymmetries, but the

dynamical asymmetries of which are expected to be negligible; or with SCS decays whose

CP asymmetry is known with better precision.

Finally, when analysing decays into a final state that is shared by D0 and D0 mesons,

their initial flavour can be identified only through their production mechanism. This is done

by measuring the charge of the accompanying particle in strong D∗(2010)+→ D0π+ decays

or in inclusive B→ D0µ+X decays, where B stands for a b hadron and X for an arbitrary

set of unreconstructed particles. Hereafter the D∗(2010)+ meson is referred to as D∗+, and

the two tagging categories as D∗+-tagged and µ−-tagged decays. Both categories introduce

a further detection asymmetry due to the tagging particle, π+ or µ−, in eq. (3.2). This

asymmetry is corrected for in the same way as the others. The D∗+-tagged sample is larger

by around a factor of three and is purer, thanks to the larger production cross-section of

charm with respect to beauty hadrons and to the low Q value6 of the D∗+ decay. The low Q

6The Q value of a decay is defined as the energy released in the decay, and is equal to the mass of the

decaying particle minus the sum of the masses of its decay products.
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value ensures excellent mass resolution for the D∗+ meson, and causes the pion momentum

to form a very small angle with that of the D0 meson, thus reducing the combinatorial

background. On the other hand, this small angle implies a poor resolution on the D∗+

decay vertex, which is therefore constrained to originate in the PV to achieve the best

possible resolutions on the D∗+ mass, around 0.5 MeV/c2, and on the D0 decay time [68].

The resolution on decay time, approximately 40 ps, corresponds to around 0.1 D0 lifetimes

and is a factor of three better than that of the µ−-tagged sample. However, the constraint

biases the measured decay time of D0 from secondary D∗+ mesons that are produced in

B decays to larger values. Therefore, secondary mesons are treated as a background in

most measurements. This background can be troublesome, as the production asymmetry of

secondary mesons differs from that of the prompt ones; moreover, their fraction increases

with decay time. On the other hand, µ−-tagged candidates benefit from looser trigger

requirements, allowing a larger reconstruction efficiency at low D0 decay times as well as

a flatter efficiency across the final-state phase space in multibody decays to be obtained,

although at the cost of increased background. This background can be reduced by using

doubly tagged B → D∗−(→ D0π−)µ+X decays, but the resulting yield is considerably

smaller.

4 Searches for CP violation in the decay

The next sections review the most recent LHCb searches for CP violation in the decay,

starting from the historic first observation of CP violation achieved in 2019.

4.1 Observation of CP violation in D0→ h+h− decays

CP violation was observed for the first time in charm decays by the LHCb collaboration

in 2019, through a measurement of the difference between the time-integrated CP asym-

metries of D0→ K+K− and D0→ π+π− decays, ∆ACP [69, 70]. This is a very convenient

observable, since nuisance asymmetries cancel in the difference, whereas the CP asymme-

tries in the decay are expected to have opposite signs and their magnitudes add up; see

eq. (2.5). The contribution to ∆ACP from time-dependent CP violation also tends to cancel

in the difference, as the time-dependent asymmetry of the D0 and D0 decay rates into a

CP -even final state f is equal to

ACP (f, t) ≡ Γ(D0→ f, t)− Γ(D0→ f, t)

Γ(D0→ f, t) + Γ(D0→ f, t)
≈ adf + ∆Yf

t

τD0

, (4.1)

where terms of order higher than two in the mixing parameters are neglected, adf is the CP

asymmetry in the decay, τD0 is the D0 lifetime, and the expression of the parameter ∆Yf
in terms of the theoretical mixing parameters is given in section 5.1.7 The time-integrated

CP asymmetry is therefore equal to

ACP (f) ≈ adf + ∆Yf
〈t〉f
τD0

, (4.2)

7The parameter ∆Yf is equal to the negative of the parameter AfΓ sometimes used in the literature,

defined as the asymmetry of the effective decay widths of D0 and D0 mesons into the final state f , up to a

multiplicative factor which differs from unity by less than 1% [71, 72].
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where 〈t〉f is the average decay time of the analysed sample, and depends on the selection

requirements. Assuming that ∆Yf is independent of the final state, see section 5.1, and

denoting it with ∆Y, the following relation holds,

∆ACP ≈ adK+K− − adπ+π− + ∆Y
〈t〉K+K− − 〈t〉π+π−

τD0

. (4.3)

The contribution to ∆ACP from time-dependent CP violation is very small, since the

average decay times of the selected samples of D0→ K+K− and D0→ π+π− decays differ

by less than 0.15 τD0 , and ∆Y is measured to be consistent with zero with a precision close

to 10−4 [71, 73–75].

The observation of CP violation is based on the Run 2 data sample, including both

D∗+ and µ− tagged candidates, which corresponds to around 53 million D0 → K+K−

and 17 million D0→ π+π− decays. The mass distributions of the D∗+-tagged candidates,

which constitute the vast majority of the sample, are shown in fig. 3. The result is

∆ACP = (−1.82± 0.32± 0.09)× 10−3,

where the systematic uncertainty is significantly smaller than the statistical one, thanks to

the cancellation of most systematic effects in the difference, and is expected to be reducible

when larger samples will become available. A combination with the result of the µ−-tagged

sample and with previous determinations [76, 77], including a small correction for a residual

contribution from time-dependent CP violation [73–75], see eq. (4.3), yields

adK+K− − adπ+π− = (−1.57± 0.29)× 10−3,

which is inconsistent with the hypothesis of CP symmetry at the level of 5.3 standard

deviations.

This value is larger by a factor of five than perturbative estimates [14, 33, 78, 79]

and predictions from light-cone sum rules [23, 80]. While its unexpectedly large size has

prompted several BSM interpretations [23, 81, 82], other authors have claimed that it can

be explained within the SM through a mild nonperturbative enhancement of Ab due to

final-state interactions [46, 78, 83]. Explicit models of such an enhancement, which may

also explain the factor-of-three difference between the branching fractions of D0→ K+K−

and D0 → π+π− decays without invoking large U -spin breaking effects [44], have been

proposed in refs. [50, 84].

Progress of ab initio theoretical predictions is ultimately needed to rigorously assess

the compatibility of the measurement with the SM. Meanwhile, additional measurements of

CP asymmetries and of poorly known branching fractions of other decay channels, as well

as of the scalar resonances that might be responsible for rescattering,8 would constitute an

8For example, it would be important to measure the branching fractions of the f0(1710) and f0(1790)

resonances into the π+π− and K+K− final states [50]. In addition, if large rescattering through these

resonances is responsible for the enhancement of the CP asymmetries of D0→ K+K− and D0→ π+π−

decays, the same mechanism could enhance also other observables like the branching fraction of D0→ γγ

decays [85–87].
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Figure 3. Invariant-mass distribution of the D∗+ candidates yielding the first observation of CP

violation in charm decays in the (left) D0 → K+K− and (right) D0 → π+π− final states. The

µ−-tagged sample is considerably smaller. Figures taken from ref. [69].

invaluable tool to pin down the nature of the nonperturbative effects at play, and to test

available models [50, 83, 88, 89].9

In particular, an individual measurement of adK+K− or adπ+π− would provide useful in-

formation on the size of U -spin breaking in Ab. Since their difference is already measured

through the ∆ACP observable, only ACP (K+K−) is directly measured and ACP (π+π−) is

derived indirectly. Measuring both asymmetries individually would not make an improve-

ment, because their precision is limited by the correction for production and detection

asymmetries, which would be the same for both decay channels (whereas such a correction

is not needed for the measurement of ∆ACP ).

A very recent measurement determines ACP (K+K−) using the Run 2 D∗+-tagged

data sample [100, 101]. The correction for the nuisance asymmetries relies on multiple

subtractions of raw asymmetries using the following CF decay channels,

ACP (K+K−) ≈Araw(D0→ K+K−)−Araw(D0→ K−π+)

+Araw(D+→ K−π+π+)−Araw(D+→ K0
Sπ

+) +Adet(K
0),

(4.4)

or

ACP (K+K−) ≈Araw(D0→ K+K−)−Araw(D0→ K−π+)

+Araw(D+
s → K−K+π+)−Araw(D+

s → K0
SK

+) +Adet(K
0),

(4.5)

where the detection asymmetry of the neutral kaon includes a contribution from CP vio-

lation in K0 mixing and is calculated explicitly [102, 103]. The method based on eq. (4.5)

9Note, however, that global fits to charm branching ratios and CP asymmetries [45, 83, 88–95] are

not necessarily able to distinguish the cases where CP violation originates from the SM or requires the

presence of BSM interactions, and the validity of the assumptions of some of these fits has recently been

challenged [96–99].
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without. Figure taken from ref. [100].

had never been used before, and allows the statistical uncertainty to be improved by 37% at

equal integrated luminosity. In fact, for both methods, before measuring the raw asymme-

tries, the momentum distributions of the D mesons and of the final-state particles must be

aligned by assigning per-candidate weights. This ensures a proper cancellation of the nui-

sance asymmetries, which depend on kinematics. However, due to the different topologies

and number of final-state particles of these decays, the statistical uncertainty is significantly

degraded by the weighting and is eventually limited by the D+→ K0
Sπ

+ or D+
s → K0

SK
+

channels. Adding the new decay chain in eq. (4.5) thus allows the statistical uncertainty

to be significantly reduced even at equal D0→ K+K− yield.

The average of the results obtained with the methods in eqs. (4.4) and (4.5) is

ACP (D0→ K+K−) = (6.8± 5.4± 1.6)× 10−4,

where the systematic uncertainty is, again, limited by the size of the calibration samples

and could in principle be reduced as their size increases. Contrary to ∆ACP , in this case

the contribution from time-dependent CP violation in eq. (4.2) cannot be neglected, as the

average decay time of the collected D0→ K+K− decays is approximately equal to 1.7 τD0 .

Therefore, the result is combined with previous determinations of ACP (K+K−) [76, 104],

∆ACP [69, 76, 77] and ∆Y [71, 73–75] to determine the CP asymmetries in the decay

adK+K− and adπ+π− ; see fig. 4. The numerical results are

adK+K− = ( 7.7± 5.7)× 10−4,

adπ+π− = (23.2± 6.1)× 10−4,

where the uncertainties include systematic and statistical contributions and the correlation

coefficient is equal to 0.88. The results are consistent with the SM expectations for the
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size of U -spin breaking [46, 83, 84, 105], and the second shows a departure from zero at

the level of 3.8 standard deviations.

Larger data samples from Run 3 and beyond are needed to establish a first observation

of CP violation in either of the two individual decay channels, and to assess the level of U -

spin breaking in Ab. In the mean time, measurements of other decay channels can provide

complementary information on the origin of CP violation in charm, as discussed in the

next sections.

4.2 Search for CP violation in D0→ K0
SK

0
S decays

The size of CP violation could be larger in D0→ K0
SK

0
S decays, where only exchange and

penguin-annihilation diagrams that vanish in the U -spin limit contribute to Asd, while the

CP -violating contributions to Ab from the same diagrams do not cancel out. Therefore,

the CP asymmetry in the decay might be as large as 1% [47, 48], even if somewhat smaller

values are favoured by most models [83, 88, 89].

The LHCb collaboration has recently measured the time-integrated CP asymmetry

of this decay mode employing the Run 2D∗+-tagged data sample [106, 107]. The K0
S

candidates are reconstructed in the π+π− final state, either from tracks that generated

signals in all the tracking stations including the vertex detector (if the K0
S meson decayed

early enough), or otherwise from the two trackers immediately upstream and downstream of

the magnet only. The two categories are named long and downstream and are labelled “L”

and “D”, respectively. The D0 candidates are classified accordingly into three categories:

LL, LD and DD. Downstream K0
S candidates have a geometrical acceptance larger than

that of long candidates by a factor of two, but they are not selected by the first-stage

software trigger. As a consequence, DD candidates are selected only if the first-stage

trigger has been activated by unrelated tracks in the event, and they are fewer than LL

and LD candidates. Moreover, the D0-mass and decay-vertex resolutions are degraded

for candidates containing downstream kaons. This reduces the capability to distinguish

prompt mesons from secondary mesons. Therefore, contrary to most charm measurements,

no requirements are applied to reject the latter category.

To maximise the statistical precision, the total sample is further subdivided into nine

categories, based on the compatibility of the D0 candidate with originating from the PV,

and on the output of a multivariate classifier trained to reject combinatorial background.

This allows some categories to benefit from a better signal-to-background ratio; see fig. 5.

The nuisance asymmetries are removed by subtraction with the raw asymmetry of D0→
K+K− decays, weighting each D0 candidate with momentum ~p by

w±(~p) =
n+
K+K−(~p) + n−

K+K−(~p)

2n±
K+K−(~p)

[
1±ACP (D0 → K+K−)

]
, (4.6)

where the plus (minus) sign applies to D0 (D0) candidates and n±
K+K−(~p) is the local

density of D0 (D0) mesons with momentum ~p decaying into the K+K− final state, as

estimated with a multivariate classifier. The selection requirements of the signal and control

samples are aligned to ensure an effective cancellation of the detection asymmetry of the

tagging pion and of the production asymmetries of prompt and secondary D∗+ mesons.
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Figure 5. Distribution of the difference of the D∗+ and D0 invariant masses, for the most

significant D0→ K0
SK

0
S categories. Fit projections are overlaid. Figure taken from ref. [106].

Finally, the asymmetry is measured through a simultaneous fit to the weighted distri-

butions of the invariant masses of the two K0
S mesons and to the difference of the invariant

masses of the D∗+ and D0 mesons. The results for the nine categories are compatible with

each other, and are combined to yield

ACP (D0→ K0
SK

0
S) = (−3.1± 1.2± 0.4± 0.2)%,

where the third uncertainty is due to the precision with which the CP asymmetry of

the control channel is known [104], and the systematic uncertainty is dominated by the

uncertainty on the shape of the mass distributions and by the statistical uncertainty on

the weighting, which are both expected to decrease with future larger data samples. This

result supersedes that of ref. [108] and is compatible, but more precise, than previous

determinations [109–111]. The new world average, ACP (D0→ K0
SK

0
S) = (−1.9 ± 1.0)%,

is compatible with the absence of CP violation within 1.9 standard deviations, with a

precision equal to the upper edge of the SM predictions.

4.3 Search for CP violation in D+
(s)→ h0h+ decays

While predicting the absolute size of CP violation in charm in the SM is a formidable

challenge, one can easily derive SU(3)F-based sum rules relating its size in different decay

channels [51–53, 112]. These rules might be violated by new interactions beyond the

level expected in the SM, where the size of SU(3)F breaking is around 30% [23, 44].

Another testable feature of the SM is that QCD penguin diagrams contribute only to

∆I = 1/2 transitions, whereas ∆I = 3/2 transitions are allowed only at tree-level and
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therefore cannot give rise to CP violation [51]. By measuring the branching ratios and

CP asymmetries of decays sharing the same isospin amplitudes, such as D0→ π+π− and

D0→ π0π0, one can determine whether the individual CP asymmetries can be interpreted

only in terms of ∆I = 1/2 amplitudes, or if they require the presence of ∆I = 3/2

contributions from BSM interactions. The D+→ π+π0 decay is particularly interesting as

its CP asymmetry is expected to be smaller than 10−5, even if it is SCS, since it is a pure

∆I = 3/2 transition. Unfortunately, the precision of all these tests is limited by decay

channels involving neutral particles, which are reconstructed with low efficiency at hadron

colliders.

The LHCb collaboration has recently measured the CP asymmetries of D+
(s)→ h+h0

decays, where h+ stands for a π+ or K+ meson, and h0 for a π0, η or η′ meson, with

the data sample collected in Run 1 and 2 [113, 114]. For the first time, π0 and η mesons

are reconstructed through Dalitz decays, h0→ e+e−γ, or two-photon decays where one of

the photons converts into an electron-positron pair within the vertex detector. The latter

sample is larger by a factor of six. Both decay chains allow triggering on the displaced

D-meson decay vertex, which would be impossible to reconstruct using bare two-photon

decays. While these decay chains account for only a small fraction of the total decays, this

suppression is counterbalanced by the large charmed-hadron production cross-section with

respect to B factories, which allows for results to be obtained that are equally or more

precise. On the other hand, the signal-to-background ratio is lower than in other hadronic

charm decays, and the measurement requires a careful correction for electron and positron

bremsstrahlung in the magnetic field. For h+ equal to π+, the η mesons are additionally

reconstructed in the γπ+π− final state, achieving a similar precision. The same final state

is used for the η′ in D+
(s)→ η′π+ decays, too.

For all final states, the CP asymmetries are measured from a two-dimensional fit

to the invariant mass distributions of the D+
(s) and h0 candidates, where the probability

distributions are based on simulation and account for correlations, especially between the

radiative tails. The fit projections are shown in fig. 6. Detection asymmetries are removed

by subtraction with D+
(s) → h+K0

S or D+
(s) → h+φ calibration decays, the kinematics of

which is weighted to match that of the signal decays; the K0
S detection asymmetry is

corrected for with an explicit calculation [102]. The results are

AD
+→K+π0

CP = (−3.2 ± 4.7 ± 2.1 )%,

AD
+→π+π0

CP = (−1.3 ± 0.9 ± 0.6 )%,

AD
+→π+η

CP = ( 0.13± 0.50± 0.18)%,

AD
+→π+η′

CP = ( 0.43± 0.17± 0.10)%,

AD
+→K+η

CP = (−6 ± 10 ± 4 )%,

AD
+
s→K+π0

CP = (−0.8± 3.9± 1.2)%,

AD
+
s→K+η

CP = ( 0.9± 3.7± 1.1)%,

where the first and the subsequent rows correspond to DCS and SCS decays, respectively,

and the systematic uncertainties are mainly due to the uncertainty on the fit models. They

are all consistent with the absence of CP violation and they are in agreement with previous

determinations at B and charm factories [115–118], while their precision is comparable or

better.
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4.4 Multibody decays

Even if the most precise searches for CP violation to date concern two-body and quasi-

two body decays [69, 100, 119], an extensive set of searches in D multibody decays are

also being pursued. Their rich resonant structure and the variations of the strong phases

across their final-state phase space may provide further handles to pin down the size of

nonperturbative QCD effects and to understand the nature of the interactions responsible

for CP violation. Some of these decays, such as D0→ K0
SK
±π∓, could display enhanced

CP asymmetries, thanks to a mechanism analogous to that described in section 4.2 [49].

A whole variety of model-independent methods [120–124] have been developed and

used for the study of multibody decays during Run 1 [66, 125–130] as an intermediate step

towards amplitude analyses which would be crucial to theoretically interpret an observation

of CP violation. Some efforts have been devoted also to amplitude analyses, either allowing

for the presence of CP violation [131, 132] or not [133–135]. Many new measurements

based on the Run 2 sample, which guarantees much larger signal yields thanks to the

improvements in triggering [65], are underway. Finally, a recent amplitude analysis of the

Λ+
c → pK−π+ decay and of the Λ+

c production polarisation in semimuonic B decays [136]

paves the way to future measurements of its electric and magnetic dipole moments, which

are sensitive to BSM interactions of the charm quark and to the QCD structure of the Λ+
c

baryon, respectively [137–141].
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Figure 6. Distribution of (left) m(h+h0) and (right) the invariant mass of the corresponding

neutral meson, for the various combinations of D+
(s) decays analysed in refs. [113, 114], from which

the figures are taken. Projections of the fit results and individual fit components are overlaid. In

the right figures of the two bottom rows, the m(γπ+π−) mass range is enlarged with respect to the

baseline fit, and the default mass range is indicated by the vertical dashed lines.
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5 Time-dependent measurements

Searches for time-dependent CP violation are mostly sensitive to CP violation in the mix-

ing amplitudes [21], and thus they are complementary to those of CP violation in the

decay. However, they require even better experimental precision. In fact, in the SM the

contribution of CP violation in the mixing to the CP asymmetries is typically suppressed

by one order in the U -spin breaking parameter ε with respect to that of CP violation in

the decay [21]. While CP violation in the mixing has not been observed yet, the past two

years have witnessed a leap forward in the precision of its search and of the measurements

of the mixing parameters, as described in the next sections.

5.1 Search for time-dependent CP violation in D0→ h+h− decays

The CP -even, SCS final states f = K+K− or π+π− provide a clean way to measure the

dispersive CP -violating contributions to D0 mixing. The relevant observable is the slope,

∆Yf , of the time-dependent asymmetry of the D0 and D0 decay widths defined in eq. (4.1).

This observable is approximately equal to [21]

∆Yf ≈ −x12 sinφM2 + y12a
d
f

(
1 +

x12

y12
cot δf

)
, (5.1)

where δf is the strong-phase difference between Ab and Asd. In the very long term, the

dependence of ∆Yf on the final state could be used to measure δf , using external inputs

for the mixing parameters, weak phase φM2 and adf [21]. However, assuming that δf is not

fine-tuned to zero or π (as expected from large rescattering at the charm mass scale), final-

state dependent contributions are of the order of 10−5 [31, 69, 100] and can be neglected at

the current level of experimental precision. The ∆Yf parameter is consequently assumed

to be independent of the final state and is denoted as ∆Y ≡ −x12 sinφM2 . Its value sets a

direct constraint on the dispersive weak phase φM2 , thanks to independent determinations

of x12 [31]. Reducing the uncertainty on ∆Yf is essential not only to constrain possible

CP -violating BSM interactions, but also to determine the parameter adK+K− from the

measurements of the time-integrated asymmetry of D0→ K+K− decays, as described in

section 4.1.

The ∆Y parameter has been recently measured using the D∗+-tagged data sample

collected during Run 2 [71, 142], which comprises 58 million and 18 million D0→ K+K−

and D0→ π+π− decays, respectively. The main background, which comes from random

associations of unrelated particles, is around 5% of the signal and is removed through a

sideband subtraction in the m(D0π+
tag) variable.

While the measurement is insensitive by construction to time-independent asymme-

tries, a time dependence of the detection and production asymmetries is indirectly intro-

duced by the trigger requirements, even if these nuisance asymmetries depend explicitly

only on the particles momenta. In fact, requirements on displacement-related variables like

the D0 flight distance and the IP of its daughter particles with respect to the PV select

D0 mesons with low decay times only if their momentum is large enough. As a result, low

decay times correspond on average to larger momenta, and momentum-dependent asym-

metries give rise to artificial time-dependent asymmetries; see fig. 7. These effects are
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Figure 7. (Left) Normalised distributions of the D0 transverse momentum, in different colours

for each decay-time interval in fig. 8. Decay time increases from blue to yellow colour. (Centre)

Asymmetry between the normalised pT distributions of D0 and D0 mesons. (Right) Linear fit

to the time-dependent asymmetry (red) before and (black) after the kinematic equalisation, after

which the time-integrated asymmetry is zero by construction. All plots correspond to D0→ K−π+

candidates collected in 2017 with the magnet polarity pointing upwards. Figures taken from ref. [71].

studied in a control sample of 518 million D0→ K−π+ decays, for which the dynamical

time-dependent asymmetry is known to be smaller than the experimental precision [71, 72].

The nuisance asymmetries are up to six times larger than the statistical uncertainty of the

measurement, and are removed by equalising the vector-momentum distributions of the

π+
tag/π

−
tag and D0/D0 mesons through per-event weights. This removes by construction the

dependence of the nuisance asymmetries on momentum and consequently on time; see fig. 7

right. While the equalisation marginally biases also the dynamical asymmetry, this effect

is measured to be small and is corrected for. On the other hand, the equalisation allows

to avoid the loss of statistical precision due to the weighting of multiple calibration chan-

nels that would otherwise be needed to correct for the nuisance asymmetries, as done in

time-integrated measurements; see section 4.1. Naturally this procedure allows to measure

only the time-dependent contribution of the asymmetry, and not the time-independent

parameter adf .

The production asymmetry of secondary mesons differs from that of prompt mesons,

and their fraction increases with decay time. This background would thus bias the mea-

surement even after the kinematic equalisation. Both the asymmetry and the fraction of

secondary mesons are measured through a fit to the two-dimensional IP distribution of the

D0 meson with respect to its PV, as a function of its decay time. Most of the secondary

mesons are rejected by requiring the IP of the D0 meson to be greater than 60µm, and a

correction of 0.3× 10−4 is applied to the measurement of ∆Y to account for their residual

4% contamination.

The analogue of ∆Y for the control sample is measured from a binned linear fit to

the time-dependent asymmetry of the D0 and D0 weighted yields. The result, after the

aforementioned correction for the bias from secondary mesons, is ∆YK−π+ = (−0.4 ±
0.5± 0.2)× 10−4, and is compatible with zero (as expected) within an uncertainty smaller

than that of the final measurement by more than a factor of two. The linear fits to the
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time-dependent asymmetry for the signal samples are shown in fig. 8. The results,

∆YK+K− = (−2.3± 1.5± 0.3)× 10−4,

∆Yπ+π− = (−4.0± 2.8± 0.4)× 10−4,

are compatible with the absence of CP violation at the level of two standard deviations

and are in keeping with previous determinations [73–75, 143–145]. They constitute the

most precise search for CP violation performed at a hadron collider to date and, neglecting

possible differences between the K+K− and π+π− final states, they improve the precision

of the previous world average by nearly a factor of two [146], yielding

∆Y = (−1.0± 1.1± 0.3)× 10−4.

The reduction of the systematic uncertainty by a factor of three with respect to the previous

most precise determination [74], as well as the fact that it is dominated by the statistical

precision with which the asymmetry of the combinatorial background is known and thus

is expected to decrease as the size of the analysed sample increases, pave the way for even

more precise future measurements.

5.2 Observation of a nonzero mass difference between the neutral charmed-

meson mass eigenstates with D0→ K0
Sπ

+π− decays

Contrary to two-body decays [71, 72, 147, 148], multibody D0 decays allow to measure

simultaneously all mixing parameters and CP -violation phases, rather than a combination

of these parameters. This is made possible by the variation of the strong phase across their

final-state phase space, caused by their rich resonance structure. However, they imply

the additional complication of a multi-dimensional analysis of the final-state phase space.

Especially at hadron colliders, the selection efficiency varies significantly across the phase

space due to tight trigger requirements, and this effect must be accounted for.

This problem can be mitigated by using model-independent analysis methods such as

that proposed in ref. [149] for D0→ K0
Sπ

+π− decays. There, the Dalitz plot is divided into

8 regions symmetric with respect to its bisector (see fig. 9), each having an approximately

constant strong-phase difference, ∆δ, between the decay amplitudes in the two halves of

the plot. The ratios of the yields of the upper to the lower half are measured for each of the

8 regions, labelled “b”, and in 13 intervals of decay time, labelled “j”, separately for D0 and
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Figure 9. (Left) Iso-∆δ division of the Dalitz plot of D0 → K0
Sπ

+π− decays. The variable

m± is defined as m(K0
Sπ
±) for D0 decays, and as m(K0

Sπ
∓) for D0 decays. (Right) Dalitz plot

of background-subtracted D0→ K0
Sπ

+π− candidates. The masses of the most relevant resonances

are highlighted by the red lines. The coloured rectangles are an example of the regions used to

decorrelate the D0 decay time and m(π+π−) — note that the size and position of the rectangles

used in the actual measurement are different. Figures adapted from refs. [150, 151].

D0 decays. Biases due to efficiency variations across the plot mostly cancel in the ratio,

since the efficiency is approximately symmetric with respect to the bisector. A similar

cancellation holds also for the production asymmetry and for the detection asymmetry

of the tagging particle. On the other hand, the ratios provide nearly optimal sensitivity

to the mixing parameters. In fact, the decays in the denominator mostly correspond to

CF amplitudes and have nearly constant decay rates as a function of decay time, whereas

the decay amplitudes in the numerator are mostly DCS, so that the fraction of CF decays

following mixing is comparable in size and the decay rate significantly increases as a function

of decay time. In particular, the ratios are equal to

R±bj ≈
rb +

√
rb Re

[
X∗b (zCP ±∆z)

]
〈t〉j + 1

4

[
|zCP ±∆z|2 + rbRe(z2

CP −∆z2)
]
〈t2〉j

1 +
√
rb Re

[
Xb(zCP ±∆z)

]
〈t〉j + 1

4

[
Re(z2

CP −∆z2) + rb|zCP ±∆z|2
]
〈t2〉j

≈ rb +
√
rb
[
sb(1 + rb)(xCP ±∆x)− cb(1− rb)(yCP ±∆y)

]
〈t〉j ,

(5.2)

where the plus (minus) sign applies to the ratio of D0 (D0) decays; the first and second line

have been expanded up to second and to first order in the mixing parameters, respectively;

rb is the ratio at zero decay time; Xb ≡ cb + isb is the average of ei∆δ in the region

“b”, as measured at charm factories [150, 152]; and the two complex parameters zCP ≡
−(yCP + i xCP ) and ∆z ≡ −(∆y + i∆x) are defined as

xCP ≡ x12 cosφM2 , ∆x ≡ −y12 sinφΓ
2 ,

yCP ≡ y12 cosφΓ
2 , ∆y ≡ x12 sinφM2 = −∆Y.

(5.3)

A new measurement [151] based on the D∗+-tagged data sample collected in Run 2

increases the signal yield tenfold with respect to the previous determination based on
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Figure 10. (Left) CP -averaged yield ratios and (right) ratio differences of D0 and D0 decays

into the K0
Sπ

+π− final state as a function of decay time, for each Dalitz-plot bin. Any deviations

from constant functions would indicate the presence of (left) mixing or (right) CP violation. Fit

projections are overlaid. The dashed red line in the left plot corresponds to the projection of a fit

where the parameter xCP is fixed to zero. Figures taken from ref. [151].

the sample collected in Run 1 [153], thanks to improved triggering [65]. The selection

requirements introduce correlations between the decay time and the Dalitz coordinates, in

particular m2(π+π−). Regions of constant m2(π+π−) correspond to bands orthogonal to

the bisector; see for example the ρ(770)0 lineshape in fig. 9 right. Therefore, a decorrelation

procedure is applied by weighting the time distribution of the sum of the candidates in

pairs of rectangles symmetric with respect to the bisector (see fig. 9 right) to the time

distribution of the total sample. Since a nonzero value of xCP has the effect of moving

candidates into the position symmetric with respect to the bisector, the procedure does

not bias this variable, whereas second-order biases to yCP are corrected for. Momentum-

dependent detection asymmetries of the π+ and π− mesons also do not cancel in the ratios.

They are corrected for based on a measurement of kinematically weighted D+
s → π+π−π+

CF decays, where the additional D+
s production asymmetry and the detection asymmetry

of the third pion are removed by subtraction with D+
s → φ(1020)π+ CF decays followed by

φ(1020)→ K+K−. This takes advantage of the fact that the detection asymmetry of the

kaon pair is zero, as the φ(1020) decay is self-conjugate and its decay width is small, while

the same is not true for the resonant structure of the pion pair of D+
s → π+π−π+ decays.

The projections of the fits to the corrected time-dependent ratios are shown in fig. 10.

The results for the mixing and CP violation parameters are, after averaging with a more

recent but threefold less precise measurement based on the Run 2µ−-tagged sample [154],

xCP = (4.00± 0.45± 0.20)× 10−3, ∆x = (−0.29± 0.18± 0.01)× 10−3,

yCP = (5.51± 1.16± 0.59)× 10−3, ∆y = ( 0.31± 0.35± 0.13)× 10−3,

where the statistical uncertainties include a component from the external knowledge of the
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strong-phase differences [150, 152], which accounts for approximately 50% of the uncer-

tainties of xCP and yCP . The systematic uncertainties on xCP and yCP are mainly due to

neglecting the finite resolution of the Dalitz variables, to the assumption that the selection

efficiency is constant across each Dalitz bin, and to the decorrelation procedure between

decay time and the Dalitz coordinates. The parameters ∆x and ∆y are compatible with

zero within 1.4 standard deviations, in agreement with the hypothesis of no CP violation.

The determinations of xCP and ∆x improve the precision of their world average by a

factor of 3, and the former constitutes the first observation of a nonzero mass difference

between the neutral charmed-meson mass eigenstates, with a significance greater than 7

standard deviations. Furthermore, it confirms that the phase φM2 is approximately equal

to zero rather than π, implying that the shorter-lived and nearly CP -even eigenstate is also

heavier.

5.3 Measurement of the decay-width difference of the neutral charmed-

mesons mass eigenstates with D0→ K+K− and D0→ π+π− decays

The yCP parameter introduced in eq. (5.3), given the current constraints on the size of

φΓ
2 [146], is nearly indistinguishable from the mixing parameter y12, and provides the

cleanest access to this observable. It can be also measured with other decay channels [155–

159]; currently, the best precision is achieved using D0→ K+K− and D0→ π+π− decays.

Due to mixing, the time distribution of D0 decays into these CP eigenstates differs from an

exponential and receives first-order corrections proportional to yCP . To measure this tiny

deviation, it is essential to calibrate the measurement on a reference channel. This would

ideally be a flavour-specific decay such as a leptonic decay, D0→ K−`+ν`. Owing to the

poor mass resolution due to the missing neutrino, and to the desire to keep the selection as

close as possible to that of the signal channel, D0→ K−π+ decays are usually preferred.

Here the contribution of mixing is not negligible; however, it is suppressed with respect

to the decays into the CP eigenstates, since the decay amplitude following mixing is DCS

rather than CF (whereas for the CP eigenstates both the decay amplitudes without and

following mixing are CS). The time-dependent ratio of the decay rates of the signal and

calibration channels is equal to [72]

Γ(D0→ f, t) + Γ(D0→ f, t)

Γ(D0→ K−π+, t) + Γ(D0→ K+π−, t)
≈ const.×

{
1− (yCP − yK

−π+

CP )
t

τD0

+
[1

4
(x2

12 + y2
12) + yK

−π+

CP (yK
−π+

CP − yCP )
]( t

τD0

)2}
,

(5.4)

where f stands for K+K− or π+π−, the size of yK
−π+

CP is around 6% of that of yCP (this

value is approximately equal to the ratio of the magnitudes of the DCS to CF decay

amplitudes) and its sign is the opposite of that of yCP , and the selection efficiencies cancel

to a large extent in the ratio.10

10The observable yCP in eq. (5.4) should actually be yfCP , defined analogously to yCP in eq. (5.3), but

with the substitution φΓ
2 → φΓ

f ≡ arg(ĀfΓ12/Af ). Since φΓ
f /φ

Γ
2 = 1 + O(ε), where the parameter ε ≈ 0.3

quantifies U -spin breaking [21], and the dependence of yfCP on φΓ
f is at second order, this difference is

negligible.
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This ratio has been recently measured by the LHCb collaboration employing the D∗+-

tagged data sample collected in Run 2 [148, 160]. The measurement requires the time-

dependent ratio of the selection efficiencies at numerator and denominator to be controlled

with a precision better than the absolute uncertainty on yCP , that is close to 10−4 level. This

is achieved by employing trigger lines designed to minimise the variation of the efficiency

as a function of decay time, in particular by avoiding requirements on displacement-related

variables [161]. The main differences between the selection efficiencies of the signal and

calibration channels are a consequence of the different masses of the final-state particles,

which result in different momenta and opening angles of the two hadrons at equal D0

momentum. This effect is corrected for as follows: for each D0 → K+K− decay, the

momentum and direction of each kaon are recomputed under the hypothesis that the mass

of the positively charged kaon be equal to that of a pion, keeping constant the decay angle

in the D0 rest frame. The kinematics of the D0→ K+K− decay is thus transformed into

the one that it would have had if its final state had been K−π+. After this “kinematic

matching”, the same requirements on the momentum and IP of the particles are applied to

both the D0→ K−π+ decay and the transformed D0→ K+K− decay. The requirements

are tighter than the trigger requirements across the whole available phase-space, to ensure

equal selection efficiencies for the two decay channels. An analogous procedure is employed

to transform the D0→ K−π+ kinematics into that of D0→ π+π− decays. Second order

differences due to different particle identification efficiencies and to detection asymmetries

that are momentum-dependent are removed by equalising the momentum distributions

of the signal and calibration samples, assigning per-candidate weights. The method is

validated in simulation and by applying it also to the time-dependent ratio of D0→ K+K−

to D0→ π+π− decays, for which the relative kinematic differences are larger. This ratio is

verified to be compatible with a constant, as expected, within an uncertainty of 0.5×10−3.

Finally, the contribution of secondary mesons is explicitly accounted for, with a procedure

similar to that described in section 5.1.

The exponential fits to the yields ratios of the signal and calibration channels after

the corrections above are shown in fig. 11. The results of the two measurements are in

agreement with each other. Neglecting final-state dependent effects, their average is

yCP − yK
−π+

CP = (6.96± 0.26± 0.13)× 10−3,

where the largest systematic uncertainties are due to the subtraction of the combinatorial

background from random D0–π+ associations, and to the background of misreconstructed

multibodyD0 decays. This result is more precise than the previous world average [146, 156–

158] by a factor of four, and improves significantly our knowledge of y12, as shown in the

next sections.

5.4 Improvement in the knowledge of the mixing parameters

The improvement in the knowledge of the parameters of charm mixing and of CP violation

in the mixing following the measurements described in the previous sections is shown in

fig. 12. The new world averages are
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Figure 12. Improvement in the knowledge of the parameters of (left) mixing and (right) CP -

violation in the mixing of D0 mesons, following the measurements presented in sections 5.1 to 5.3.

The black cross in the right plot corresponds to the case of no CP violation. The improvements

in x12 and φΓ
2 are driven by the measurement of D0→ K0

Sπ
+π− decays, while the improvement in

y12 is driven by the measurement of yCP . The precision on φM2 improves thanks to the interplay

of the new measurement of ∆Y and to the improved precision on x12 and y12, which enhances the

sensitivity to φM2 from measurements of both ∆Y and D0→ K+π− decays [147]. Both plots have

been produced using the public code in ref. [22].

x12 = (4.06± 0.44)× 10−3, φM2 = (0.031± 0.021) rad,

y12 = (6.47± 0.24)× 10−3, φΓ
2 = (0.047± 0.027) rad,

and improve by more than a factor of two with respect to the previous determinations.

The precision on the CP -violation mixing phases is still around one order of magnitude

larger than the SM predictions, and their best-point estimates agree with the hypothesis of

no CP violation within slightly less than two standard deviations. Further investigations

with additional decay channels and with the data from the upcoming LHCb upgrade are
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needed to clarify whether this is a statistical fluctuation or not.

5.5 First simultaneous combination of charm and beauty measurements

The precision on the mixing parameters can be further improved by combining charm

measurements with those of the angle γ of the CKM unitarity triangle [31, 162, 163]. The

most precise measurements of γ to date employ B+→ DK+ and B+→ Dπ+ decays, where

D stands for either of D0 or D0 mesons reconstructed in a final state that is shared by

the two mesons. The final states K0
Sπ

+π− and K−π+ are the most relevant [163, 164]; see

fig. 13 left. In particular, the rate of the decays where the D meson is reconstructed in the

K−π+ final states is equal to

Γ(B± → (K∓π±)D h
±) ∝|rKπD e−iδ

Kπ
D + rDhB ei(δ

Dh
B ±γ)|2

=(rKπD )2 + (rDhB )2 + rKπD rDhB cos(δKπD + δDhB ± γ),
(5.5)

where rDhB ei(δ
Dh
B +γ) is the ratio of the B+ → D0h+ to B+ → D0h+ decay amplitudes,

rKπD e−iδ
Kπ
D is the ratio between the D0→ K−π+ and D0→ K−π+ decay amplitudes, and

subleading effects from charm mixing [162] are neglected for the sake of simplicity.11 How-

ever, the measurement of these decay rates does not allow for an unambiguous determina-

tion of γ nor of the strong phases, since the cosine function in eq. (5.5) is not injective [165];

see fig. 13 left. By contrast, multibody D0 decay channels such as D→ K0
Sπ

+π− allow,

in combination with external inputs for the charm hadronic parameters [150, 152], for an

unambiguous measurement of γ. In fact, the variation of the strong phase, δ
K0

Sπ
+π−

D , as

a function of the phase space allows the trigonometric degeneracy to be resolved; then

not only γ, but also rDhB and δDhB , which are independent of the D final state, can be

measured [166].

The combination of the measurements of the K−π+ and K0
Sπ

+π− final states improves

the precision not only for γ and δDhB (see fig. 13 left) but, through eq. (5.5), also for δKπD .

This has a beneficial effect on the knowledge of charm mixing parameters, since one of

the most precise measurements of mixing is that of the observable y′ ≡ −y12 cos δKπD +

x12 sin δKπD in D0 → K+π− decays [147], and the uncertainty on δKπD has limited the

precision of its interpretation in terms of the mixing parameters for a long time.

A new simultaneous combination of γ and charm measurements has recently been per-

formed that allows the precision on δKπD to be improved by a factor of two [31]. Since the

U -spin breaking difference of δKπD from π is small, y′ is mostly sensitive to y12. There-

fore, the precision on y12 is also improved by around a factor of 2. This improvement is

comparable to that allowed by the yCP measurement that was published shortly after the

combination, and the two results show excellent agreement; see fig. 13 right.

The benefits of a simultaneous combination could be even larger in future studies of

multibody decays such as D0 → K±π∓π+π−, whose contribution to the determination

of both the γ angle and charm mixing and CP violation is limited by the knowledge of

the relevant D0 hadronic parameters (strong-phase differences and amplitude ratios) as a

11Note that a rigorous definition of the strong phases should be based on the full B+→ D(→ f)h+ decay

chain, as the individual ratios of amplitudes are not quark- nor meson-rephasing invariant.
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Figure 13. (Left) Two-dimensional confidence regions for the CKM angle γ and for the strong-

phase difference δDKB , for different D decay channels and for their combination. (Right) Two-

dimensional confidence region for the mixing parameter y12 and for the strong-phase difference

δKπD . The correlation in the blue and red contours is due to the measurement of y′ in D0→ K+π−

decays [147]. Both the simultaneous combination of γ and charm measurements, and the inclusion

of the yCP measurement discussed in section 5.3, improve the precision on y12 and on δKπD by around

a factor of two. Figures taken from refs. [31, 148].

function of phase space [167]. The combination would indirectly improve the knowledge

of these parameters, thanks to the different way in which they enter the mixing and CP

violation observables measured in the B+→ Dh± and D0 decays into the same phase-space

regions. In this case, the combination may improve the precision not only for the charm

sector, but also for the angle γ [167–169].

6 Conclusions and prospects

The study of charm mixing and CP violation constitutes a unique tool to test the up-type

quark sector of CKM paradigm. After many years of frustrated experimental searches, this

field is eventually entering the era of precision studies. This implies new challenges in the

theoretical interpretation of the results, whose precision is limited by the understanding of

strong interactions at the energy scale of the charm mass. In particular, the compatibility

of the historic first observation of CP violation in D0→ K+K− and D0→ π+π− decays

with the SM constitutes an open puzzle. A parallel progress of the theoretical tools and of

the experimental studies of CP violation and rescattering is needed to shed light on this

issue. This review presented the most recent measurements of mixing and CP violation

performed with the data collected at the LHCb experiment — the major player of this

experimental endeavour — during its Run 2 (2015–2018).

Apart from the non-zero value of ∆ACP , all other searches for CP violation have so far

yielded null results. However, a very recent measurement of ACP (D0→ K+K−) indirectly

establishes the first evidence for of CP violation in a single decay channel, D0→ π+π−. In

addition, significant improvements in precision are obtained in decay channels with neutral

particles such as D0 → K0
SK

0
S and D+

(s) → h0h+. Many of these measurements achieve

world-leading precisions, at the per cent level or below, despite the challenges posed by
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their study at hadron colliders. The potential of the Run 2 dataset is not exhausted yet,

and many new measurements are expected in the next few years, especially for multibody

decays.

Even larger improvements in precision have been obtained in time-dependent measure-

ments, which determined the value of the mixing parameters x12 and y12 with 12% and

4% relative uncertainty, respectively. The weak phases responsible for CP violation in the

mixing are still compatible with zero (though in slight tension at the level of around two

standard deviations), within uncertainties of around 25 mrad. This value is one order of

magnitude larger than the SM estimates. The prospect of using multibody decays such as

D0→ K±π∓π+π− to improve the precision on these phases and on the mixing parameters

looks particularly attractive. The improvement of the trigger between Run 1 and Run 2

significantly increased the yield per integrated luminosity of multibody decays; see for ex-

ample ref. [151]. Moreover, while their analysis is complicated by the five-dimensional phase

space of the final state, the interplay with the measurements of B→ (K±π∓π+π−)Dh
+

decays might indirectly improve the precision also on the angle γ of the CKM unitarity

triangle [168, 169].

In the end, it is likely that larger data samples will be needed to yield the first obser-

vation of CP violation in a single decay channel and of CP violation in the mixing. All

current measurements are statistically limited, and no irreducible systematic uncertainties

have been pinpointed yet. Therefore, several experiments are planned to improve the sta-

tistical precision of these measurements by increasing the size of the collected samples. In

the near future, the Belle II experiment is expected to contribute significantly to the stud-

ies of final states with neutral particles [170], whereas the upcoming LHCb Upgrade I will

yield the best precision for all other final states. The latter plans to increase the collected

integrated luminosity to 25 fb−1 (50 fb−1) by the end of Run 3 (Run 4 ), scheduled to take

place from 2022 to 2025 (from 2029 to 2032). This will be obtained by increasing the

instantaneous luminosity fivefold, reaching a value of 2× 1033 cm−2 s−1, and the centre-of-

mass energy to 14 TeV [59, 60]. Another crucial improvement of this upgrade will be the

removal of the hardware trigger, whose thresholds were often tighter than those affordable

in the software trigger and in the offline analysis of charm decays. The possibility to re-

construct all collision events in the software will not only improve the collection efficiency,

but also reduce the detection asymmetry due to triggering with the hadronic calorimeter.

In addition, the greater flexibility in the design of the trigger selections will be beneficial

in reducing the correlations between decay time and kinematics introduced by the trigger

requirements, and to keep systematic uncertainties such as those described in sections 5.1

and 5.2 at a low level. Finally, the introduction of new trigger lines dedicated to displaced

K0
S mesons in the first level of the software trigger will significantly benefit the collection ef-

ficiency of decays including these particles in their final state. To take full advantage of the

increased collected yields also in the study of multibody decays, improving the knowledge

of the charm hadronic parameters of decays such as D0→ K0
Sπ

+π− and D0→ K±π∓π+π−

will be essential. The existing BESIII charm factory should therefore be upgraded, or new

ones should be built [171–173].

In the long term, an Upgrade II of the LHCb experiment has been proposed to in-
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crease the integrated luminosity to about 300 fb−1 [174, 175]. While the experimental and

computational challenges of operating a detector at an instantaneous luminosity larger by

a factor of ten than that of the Upgrade I, 2 × 1034 cm−2 s−1, are formidable, this would

be a unique opportunity to reduce the current statistical uncertainties by nearly one order

of magnitude. This might allow to eventually detect CP violation in D0 mixing, as well

as to measure the CP asymmetries of a variety of decay channels with precision ranging

from below 10−4 to 10−3. Sixty years after the November revolution [176–178], a complete

picture of the phenomenology of charm-quark decays may thus eventually be achieved.
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