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Chapter 1. CP violation in charm-quark decays

Table 1.1: Constraints on the H matrix elements if the parametrised interactions are invariant under the
CPT , CP or T transformations.

Invariance Constraints

CPT M11 = M22, Γ11 = Γ22

CP M11 = M22, Γ11 = Γ22, Im(Γ12/M12) = 0
T Im(Γ12/M12) = 0

If one is interested only in the values of a(t) and b(t) and not in distinguishing the final states to
which the mesons decay, and if the times t under consideration are much larger than the typical
time scale of the strong interaction, the problem can be solved with a simplified formalism
using the Wigner–Weisskopf approximation [50,51]. The evolution of the state in the M0–M0

subspace is described with a 2× 2 effective Hamiltonian H,

i
d

dt

(

a(t)
b(t)

)

=

(

H11 H12

H21 H22

)(

a(t)
b(t)

)

. (1.12)

This Hamiltonian is non-Hermitian, reflecting the fact that the probability is not conserved in
the M0–M0 subspace (the two mesons can decay). However, it can be conveniently split into a
Hermitian and an anti-Hermitian part,

H = M − i
2Γ, (1.13)

where M ≡ (H +H†)/2 and Γ ≡ i(H−H†) are the Hermitian mass and decay matrices, which
describe dispersive transitions through virtual (off-shell) intermediate states, and absorptive
transitions through real (on-shell) intermediate states, respectively.6 In particular, the decay of
the projection of |ψ〉 on the M0–M0 subspace, indicated with

∣

∣ψ(2)
〉

, is regulated by

d

dt
〈ψ(2)|ψ(2)〉 = i 〈ψ(2)| (H† −H) |ψ(2)〉 = −〈ψ(2)|Γ |ψ(2)〉 . (1.14)

As this value must be negative, Γ is positive definite. In general, H is defined by eight
free parameters, while M and Γ are each described by four parameters (each of them being
Hermitian, the following relations hold, Mij = M∗

ji and Γij = Γ∗
ji). If the interactions described

by H are invariant under some combinations of discrete transformations, further relations
among the matrix elements of M and Γ hold, as listed in Tab. 1.1, and reduce the number of
parameters needed to describe H. The CPT invariance is assumed in the following, implying
M11 = M22 ≡ M and Γ11 = Γ22 ≡ Γ. Under this assumption, which is motivated by the central
role of the CPT invariance in the formulation of quantum field theory and by the conservation
of the CPT symmetry in all measurements performed to date, the expressions to describe the
M0 mixing are greatly simplified.

Phenomenological parametrisation

Let us define the (normalised) eigenstates of H to be

|M1〉 ≡ p
∣

∣M0
〉

+ q
∣

∣M0
〉

,

|M2〉 ≡ p
∣

∣M0
〉

− q
∣

∣M0
〉

,
(1.15)

6The explicit expressions for M and Γ are given, for example, in Ref. [52].
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 (dispersive) and (absorptive) are  hermitian matricesM Γ 2 × 2

1.2. Mixing of flavoured neutral mesons

where p and q are complex numbers satisfying |p|2 + |q|2 = 1 and

(

q

p

)2

=
H21

H12
=

M→
12 → i

2Γ
→
12

M12 → i
2Γ12

. (1.16)

As the matrix H is not Hermitian, |M1〉 and |M2〉 are not necessarily orthogonal. These
interaction eigenstates evolve according to |M1,2(t)〉 = e−iω1,2t |M1,2(0)〉, where the eigenvalues
ω1,2 ≡ ω0 ∓ 1

2∆ω are conveniently split into a real and an imaginary part,

ω1,2 ≡ M1,2 → i
2Γ1,2, (1.17)

corresponding to the masses and decay widths of the two eigenstates. In fact, the defini-
tion of Eq (1.17) implies the usual time evolution of unstable particle states, |M1,2(t)〉 =

e−iM1,2t−
1
2Γ1,2t |M1,2(0)〉. The averages of the masses and of the decay widths are equal to the

diagonal matrix elements of M and Γ,

ω0 =
M1 +M2

2
→ i

2

Γ1 + Γ2

2
= M → i

2
Γ, (1.18)

while their differences ∆M = M2 →M1 and ∆Γ = Γ2 → Γ1, or equivalently ∆ω ≡ ∆M → i
2∆Γ,

satisfy

H12H21 =
1

4

(

∆M → i
2∆Γ

)2
. (1.19)

Usually, the mass and width differences of the eigenstates are parametrised in units of the average
decay width, through the two dimensionless mixing parameters x ≡ ∆M/Γ and y ≡ ∆Γ/2Γ.

The time evolution of a particle created in its flavour eigenstate at time zero is given by

∣

∣M0(t)
〉

= g+(t)
∣

∣M0
〉

+
q

p
g−(t)

∣

∣M0
〉

,

∣

∣M0(t)
〉

= g+(t)
∣

∣M0
〉

+
p

q
g−(t)

∣

∣M0
〉

,
(1.20)

where
∣

∣M0(t)
〉

(
∣

∣M0(t)
〉

) indicates the time-evolved at time t of the M0 (M0) state at time zero
and g±(t) are defined by

g±(t) ≡
e−iω1t ± e−iω2t

2
. (1.21)

The probability of measuring at time t the same particle that was produced in its flavour
eigenstate at time t = 0 is equal to

∣

∣

〈

M0
∣

∣M0(t)
〉∣

∣

2
=
∣

∣

〈

M0
∣

∣M0(t)
〉∣

∣

2
= |g+(t)|2 , (1.22)

whereas the probability of measuring the particle with opposite flavour quantum numbers is

∣

∣

〈

M0
∣

∣M0(t)
〉∣

∣

2
=

∣

∣

∣

∣

q

p

∣

∣

∣

∣

2

· |g−(t)|2 ,

∣

∣

〈

M0
∣

∣M0(t)
〉∣

∣

2
=

∣

∣

∣

∣

p

q

∣

∣

∣

∣

2

· |g−(t)|2 ,
(1.23)

with
|g±(t)|2 = 1

2e
−Γt [cosh(yΓt)± cos(xΓt)] . (1.24)
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If  is violated  5 physics observables : , , , , and  .CP M =
M1 + M2

2
Γ =

Γ1 + Γ2

2
x =

M2 − M1

2Γ
y =

Γ2 − Γ1

2Γ
q
p

Diagonalization condition Time evolution

Note that  is not a physics observable. A choice convention needed to solve the ambiguity in the 
definition of  and , usually one assumes  . Necessary also to solve another ambiguity due to the relative 
sign between phases of  and . This depends on the convention of  transformation of  and  mesons.

ϕ = arg(q/p)
|M1⟩ |M2⟩ y > 0

p q CP M0 M0

q
p

≠ 1

CPV in mixing

(  symmetry assumed)CPT

 and  basis|M0⟩ |M0⟩
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Thus, the probability of the M0 and M0 mesons to preserve their flavour quantum numbers
as a function of time is the same for both mesons, whereas the probability to oscillate into
their antiparticle can be different, provided that |q/p| →= 1 and that at least one of the mixing
parameters x and y is nonzero.

In this parametrisation, a convention choice is needed to resolve the ambiguity arising from
the definitions of |M1〉 and |M2〉 in Eq. (1.15), which can be interchanged by redefining q → −q.
This corresponds to choosing the sign for the solutions of the Eqs. (1.16) and (1.19). For
example, this ambiguity can be solved by defining the |M2〉 meson as the short-lived eigenstate
or, equivalently, by forcing the y parameter to be positive. Once one such convention choice is
done, all ambiguities are removed, apart from the phases of q and p. In fact, their relative phase
still depends on the convention for the CP transformation of the M0 an M0 mesons, whereas
their global phase is arbitrary.

Theoretical parametrisation

The results of the previous section can be obtained also by using an alternative parametrisation,
introduced in Refs. [48, 49] and usually referenced to as “theoretical”, which is convention-
independent and quantifies directly the magnitudes and the phase difference between the
dispersive and absorptive transition amplitudes. In particular, the theoretical mixing parameters
and the mixing phase are defined as

x12 ≡
2|M12|

Γ
, y12 ≡

|Γ12|
Γ

, ω12 ≡ arg

(

M12

Γ12

)

, (1.25)

and are all observable quantities. While x12 and y12 are CP -even observables, ω12 is a CP -odd
weak phase.

In this parametrisation, the time evolution of the flavour eigenstates can obtained by solving
directly Eq. (1.12), obtaining
(

a(t)
b(t)

)

= e→iHt

(

a(0)
b(0)

)

= e→i(M→iΓ2 )t





cos
(√

H12H21t
)

−i
√

H12
H21

sin
(√

H12H21t
)

−i
√

H21
H12
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where Eq. (1.19) has been used, with
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with the substi-
tutions M∗

12 → M12 and Γ∗
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The theoretical and phenomenological mixing parameters are related as

x2 − y2 = x212 − y212, (1.28)

xy = x12y12 cosω12, (1.29)
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12

An alternative parametrization which is convention-independent and quantifies directly the magnitudes and 
the phase difference between the dispersive and absorptive transition amplitudes is used. In particular, the 
theoretical mixing parameters and the mixing phase are defined as

They are all observable quantities. While  and  are -even observables,  is a -odd weak phase.x12 y12 CP ϕ12 CP
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Thus, the probability of the M0 and M0 mesons to preserve their flavour quantum numbers
as a function of time is the same for both mesons, whereas the probability to oscillate into
their antiparticle can be different, provided that |q/p| →= 1 and that at least one of the mixing
parameters x and y is nonzero.

In this parametrisation, a convention choice is needed to resolve the ambiguity arising from
the definitions of |M1〉 and |M2〉 in Eq. (1.15), which can be interchanged by redefining q → −q.
This corresponds to choosing the sign for the solutions of the Eqs. (1.16) and (1.19). For
example, this ambiguity can be solved by defining the |M2〉 meson as the short-lived eigenstate
or, equivalently, by forcing the y parameter to be positive. Once one such convention choice is
done, all ambiguities are removed, apart from the phases of q and p. In fact, their relative phase
still depends on the convention for the CP transformation of the M0 an M0 mesons, whereas
their global phase is arbitrary.

Theoretical parametrisation

The results of the previous section can be obtained also by using an alternative parametrisation,
introduced in Refs. [48, 49] and usually referenced to as “theoretical”, which is convention-
independent and quantifies directly the magnitudes and the phase difference between the
dispersive and absorptive transition amplitudes. In particular, the theoretical mixing parameters
and the mixing phase are defined as
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and are all observable quantities. While x12 and y12 are CP -even observables, ω12 is a CP -odd
weak phase.
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The theoretical and phenomenological mixing parameters are related as

⟹
q
p

≈ 1

1.2. Mixing of flavoured neutral mesons

Table 1.2: Value of the mixing parameters of the four flavoured neutral mesons (values taken from
Ref. [42] for kaon and from Ref. [53] for c and b mesons). The global sign of the two mixing parameters is
convention dependent.

System x = ∆M/Γ y = ∆Γ/2Γ

K0–K0 →0.946± 0.004 0.99650± 0.00001
D0–D0 (3.4± 1.2)× 10→3 (6.8+0.6

→0.7 )× 10→3

B0–B0 0.769± 0.004 (→0.1± 1.0)%
B0

s–B
0
s 26.89± 0.07 (→12.9± 0.6)%

where the first two equations and the third are obtained by equating the expressions of H12H21

and |H12|2, |H21|2 in terms of the two sets of mixing parameters (see Eqs. (1.16) and (1.19) for
the phenomenological mixing parameters).

The ratio |q/p| is measured to be very close to unity for all flavoured neutral mesons,
corresponding to small values of sinω12. Therefore, the x12 and y12 parameters are equal to
the magnitude of the x and y parameters, x12 ≈ |x| and y12 ≈ |y|, up to corrections quadratic
in sinω12. The x and y parameters have the same sign only if ω12 ≈ 0 rather than π. Finally,
|q/p|→ 1 is approximately equal to

∣

∣

∣

∣

q

p

∣

∣

∣

∣

→ 1 ≈ x12y12
x212 + y212

sinω12, (1.31)

up to corrections quadratic in sinω12.

1.2.2 Phenomenology

The formalism introduced in Sect. 1.2.1 describes the mixing of all K0, D0, B0 and B0
s mesons.

However, the phenomenology, which is governed by the size of the mixing parameters x and
y summarised in Table 1.2, varies considerably among different particles. This is displayed in
Fig. 1.3, where the probability for the mesons to preserve their flavour quantum numbers or to
change them, oscillating into their antiparticles, is plotted as a function of time.

These different behaviours can be traced down to largely different interactions contributing
to the matrix elements responsible for the transitions, M12 and Γ12. These are fourth-order inter-
actions in the weak coupling, and are usually classified in two categories, namely short-distance
and long-distance contributions, depending on whether they receive significant contributions
from long-distance nonperturbative QCD interactions or not. In particular, while short-distance
amplitudes involve the exchange of virtual particles off the mass shell only, and can be calculated
with good precision, long-distance amplitudes can be significantly enhanced by the exchange of
hadrons on the mass shell, as shown in Fig. 1.4, and pose several challenges to theory predictions.

Box diagrams responsible for the ∆F1 = →2, ∆F2 = 2 neutral currents that provoke the
mixing of mesons with F1F̄2 flavour content, similar to those of Fig. 1.4 (left), are roughly

proportional to λqF1F2
(λq

′

F1F2
)∗(mq/mW )2, where λqF1F2

is defined as λqF1F2
≡ VqF1V

∗
qF2

and q and
q′ are the internal quarks of the diagram, with q the lightest one [54]. The absence of ∆F = 2
transitions at tree level, and the suppression of possible contributions from loops involving
internal light quarks due to the (mq/mW )2 factor, is known as GIM mechanism [15] and follows
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Up to quadratic 
correction in  sin ϕ12

M =
M1 + M2

2
= M11 = M22

Γ =
Γ1 + Γ2

2
= Γ11 = Γ22

experimentally
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• They are fully equivalent, and choosing one or the other is mostly a matter of personal taste.  

• For mixing, the observable  parameters are always tree: 

• On the contrary  and , and  are not quark nor meson phasing invariant and 

thus they are not observable. Please note that  is observable. 

•  and  instead are observable because the phase conventions cancel out in the 
multiplication of  (or ) with the decay amplitudes, as it happens for . 

•  Final state dependence currently neglected because of still large experimental uncertainties.  

• Note: if CP is conserved  (and of course  and ).

ϕM ≡ arg(M12) ϕΓ ≡ arg(Γ12) arg(q/p)
ϕM − ϕΓ = ϕ12

ϕM
f ≡ arg(λM

f ) ϕΓ
f ≡ arg(λ f

Γ)
M12 Γ12 ϕλf

= arg(qĀf /pAf)

ϕM = ϕΓ = arg(q/p) ≡ ϕ ϕ12 = 0 |q/p | = 1

Phenomenological vs Theoretical

4

|y | ,
x
y

,
q
p

x12, y12, ϕ12vs

λM
f =

M12

|M12 |

Af

Āf

λΓ
f =

Γ12

|Γ12 |

Af

Āf
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Phenomenology

Charm Mixing

5

VCKM =

1 − λ2

2 λ Aλ3(ρ − iη)

−λ 1 − λ2

2 Aλ2

Aλ3(1 − ρ − iη) −Aλ2 1

d s b

u

c

t

λ = sin θC ≈ 0.23

+𝒪(λ4)

Complementary to  and  mesons. FCNC are extremely suppressedK B
GIM mechanism broken by the 
beauty-quark mass (instead of top)
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The 3rd quark generation nearly decouples from the first two, while the contributions 
from  and  quarks cancel out in the limit of -spin symmetry d s U (md = ms)
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resonances. Theory predictions are very challenging.
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Mixing and Interference

CP Violation in Charm Sector

6

Only transitions of  quark to lighter quarks involved in charm meson decays, mixing and relevant amplitudes are 
therefore described, to an excellent approximation, by the physics of the first two generations only.

1.4. Neutral meson mixing

§d ªO (∏)

§s ªO (∏)
§b ªO (∏5)

Figure 1.3 – Schematic representation of unitary triangle for charm meson decays. The
vertical direction is enlarged by a factor of twenty with respect to the horizontal one.

W

u

c

u

s

s
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W
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c

u

d

d

u

Vcd

V §
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Figure 1.4 – Leading tree-level Feynman diagrams for the singly Cabibbo-suppressed
D0(cu)! K °(su)K °(su) and D0(cu)!º+(ud)º°(ud) decays.

In the Wolfenstein parametrisation the values of§q are the following

§d =°∏+ ∏3

2
+ ∏5

8
(1+4A2)°∏5 A2(Ω+ i¥)+O (∏7),

§s =∏° ∏3

2
° ∏5

8
(1+4A2)+O (∏7),

§b =∏5 A2(Ω° i¥)+O (∏11),

resulting into a squashed triangle for the charm physics, since it has two sides having almost
the same size (|§d | = |§s |+O (∏4)), as schematically reported in fig. 1.3.

Charmed meson decays involving amplitudes proportional to§d º§s º∏, are called singly
Cabibbo-suppressed (SCS) amplitudes, as D0! K +K ° and D0!º+º° decays, see fig. 1.4, and
they are the main subjects of this thesis. Instead, D0! K °º+ decays, involving amplitudes
proportional to V §

csVud º 1°∏2/2 are therefore called Cabibbo-favoured (CF), see fig. 1.5. In
addition, D0! K +º° decays are called doubly Cabibbo-suppressed (DCS) since they involve
amplitudes proportional to V §

cd Vus º∏2.

1.4 Neutral meson mixing

As described in the previous sections, the quark flavour eigenstates are not eigenstates of
the weak Hamiltonian, leading to processes that link quarks of different flavours, as shown
in fig. 1.1b. These processes allow connecting a neutral (qq 0) meson to its antimeson through a
rotation between flavour eigenstates and mass eigenstates. Therefore, neutral mesons are not
eigenstates of the free Hamiltonian, hence they do not evolve as free particles but through the
so-called “mixing”phenomenon. The formalism of the time evolution of the D0(cu)–D0(cu)
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k = 1/
q
p2x + p2y

✓x = arctan(px/pz)

✓y = arctan(py/pz)

n+(k, ✓x, ✓y)

n�(k,�✓x, ✓y)
(1)

⇤q = V ⇤
cqVuq (q 2 d, s, b)
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Figure 1.2 – Current experimental status of the global fit to all available experimental
measurements related to the unitarity triangle phenomenology [22]. The parameters Ω

and ¥ are related to the CKM matrix elements by the equation Ω+ i¥=°V §
ud Vub

V §
cd Vcb

(see text

for details).

where the phase convention is chosen in order to make the V §
cd Vcb term real (aligning one side

of the triangle to the real axis). In addition, eq. (1.12) is rescaled by V §
cd Vcb to make the length

of this side equal to the unit, obtaining the following relationship

V §
ud Vub

V §
cd Vcb

+1+
V §

td Vtb

V §
cd Vcb

= 0. (1.13)

The parameters describing the amount of CP violation are therefore the angles of the triangle
which are defined as

Æ= arg
∑V §

ud Vub

V §
td Vtb

∏
, Ø= arg

∑V §
td Vtb

V §
cd Vcb

∏
, ∞= arg

∑ V §
cd Vcb

V §
ud Vub

∏
.

The current experimental knowledge of the unitary triangle is reported in fig. 1.2.

1.3.1 Charm triangle parameters

Charmed meson decays involve quark transitions from the c quark to lighter quarks, and
therefore the elements of the CKM matrix involved are those of the first two rows. The relevant
unitary relationship for charm mesons is then

V §
cd Vud +V §

csVus +V §
cbVub = 0,

that can be rewritten into a more compact form, introducing the coefficient§q =V §
cqVuq (q 2

{d , s,b}), obtaining

§d +§s +§b = 0.

12

SM expectations are naively of the order of 

Im( λb
cu

λ ) = Im (
VubV*cb

VusV*cs ) ≈ λ4A2η ≈ 6 × 10−4

Chapter 1. CP violation in charm-quark decays

where the two rightmost terms of the equalities represent the flavour structure of the diagrams
(Γij ∼ (īi)(jj̄)) and their suppression in terms of the U -spin breaking parameter ε ∼ 0.4 [34].
Even though Γ2 is second order in ε, it is expected to provide the dominant contribution to ΓSM

12 ,
owing to the hierarchy among the CKM elements that multiply Γ2,1,0. In fact, the values of
(λscu − λdcu)/2 and λbcu/2 are equal to

λscu − λdcu
2

≈ λ− λ3

2
− λ5

1 + 4A2

8
+

A2λ5

2
(ρ− iη) ≈ +0.22− i 6.6× 10−5,

λbcu
2

≈ A2λ5

2
(ρ− iη) ≈ +2.6× 10−5 − i 6.6× 10−5,

(1.65)

where terms of order O
(

λ6
)

are neglected. Therefore, the coefficients that multiply Γ2,1,0 are
equal to

1
4(λ

s
cu − λdcu)

2 ≈ +4.9× 10−2 − i 2.9× 10−5,
1
2(λ

s
cu − λdcu)λ

b
cu ≈ +1.2× 10−5 − i 2.9× 10−5

1
4λ

b
cu ≈ −3.7× 10−9 − i 3.5× 10−9,

(1.66)

respectively. The coefficients of Γ1 and Γ0 are suppressed by three and seven orders or magnitude
with respect to that of Γ2. Thus, the smaller U -spin suppression is not able to compensate
for the CKM suppression. On the other hand, these terms are essential to give rise to CP
violation in the mixing and it is worth noting that, differently by the coefficient of Γ2, they
possess significant complex phases. The decomposition of MSM

12 is analogous to that of ΓSM
12 in

Eq. (1.63), but differently from Eq. (1.64), the M1 and M0 elements receive contributions also
from internal b quarks,

M2 = Mss +Mdd − 2Msd ∼ (ss− dd)2 = O
(

ε2
)

,

M1 = Mss −Mdd +Msb −Mdb ∼ (ss− dd)(ss+ dd+ bb) = O(ε),

M0 = Mss +Mdd + 2Msd +Msb +Mdb +Mbb ∼ (ss+ dd)(ss+ dd+ bb) + (bb)2 = O(1).
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However, the U -spin hierarchy among the elements remains the same.
It is now possible to introduce two observable mixing phases to parametrise the CP violation

in the mixing and in the interference. These are defined as the phases of the transition amplitudes
with respect to their dominant ∆U = 2 components,
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These phases can receive contributions also from new interactions beyond the SM and satisfy
φM2 − φΓ2 = φ12. Their magnitude can be estimated in the SM, for example for φΓ2 , by observing
that the phase of ΓSM

12 in Eq. (1.63) is mainly due to the small imaginary part of the term linear
in U -sping breaking. Therefore, it is approximately equal to [34, 35]
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with the phase φM2 expected to be of the same order as well. These results hold up to a shift of
π, which is however disfavoured by experimental data, as shown in the next chapter.

The phases φMf and φΓf defined in Eqs. (1.42) and (1.48) are approximately equal to these

intrinsic mixing phases, apart from a subleading correction δφf ≡ φMf − φM2 = φΓf − φΓ2 which
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where the two rightmost terms of the equalities represent the flavour structure of the diagrams
(Γij ∼ (īi)(jj̄)) and their suppression in terms of the U -spin breaking parameter ε ∼ 0.4 [34].
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12 ,
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where terms of order O
(
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respectively. The coefficients of Γ1 and Γ0 are suppressed by three and seven orders or magnitude
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for the CKM suppression. On the other hand, these terms are essential to give rise to CP
violation in the mixing and it is worth noting that, differently by the coefficient of Γ2, they
possess significant complex phases. The decomposition of MSM

12 is analogous to that of ΓSM
12 in

Eq. (1.63), but differently from Eq. (1.64), the M1 and M0 elements receive contributions also
from internal b quarks,

M2 = Mss +Mdd − 2Msd ∼ (ss− dd)2 = O
(

ε2
)

,

M1 = Mss −Mdd +Msb −Mdb ∼ (ss− dd)(ss+ dd+ bb) = O(ε),

M0 = Mss +Mdd + 2Msd +Msb +Mdb +Mbb ∼ (ss+ dd)(ss+ dd+ bb) + (bb)2 = O(1).
(1.67)

However, the U -spin hierarchy among the elements remains the same.
It is now possible to introduce two observable mixing phases to parametrise the CP violation

in the mixing and in the interference. These are defined as the phases of the transition amplitudes
with respect to their dominant ∆U = 2 components,

φM2 ≡ arg

[

M12
1
4(λ

s
cu − λdcu)

2M2

]

, φΓ2 ≡ arg

[

Γ12
1
4(λ

s
cu − λdcu)

2Γ2

]

. (1.68)

These phases can receive contributions also from new interactions beyond the SM and satisfy
φM2 − φΓ2 = φ12. Their magnitude can be estimated in the SM, for example for φΓ2 , by observing
that the phase of ΓSM

12 in Eq. (1.63) is mainly due to the small imaginary part of the term linear
in U -sping breaking. Therefore, it is approximately equal to [34, 35]

|φΓ2 | ≈
∣

∣

∣
2 Im

( λbcu
λscu − λdcu

)Γ1

Γ2

∣

∣

∣
≈
∣

∣

∣

λbcu
λ

∣

∣

∣
sin γ

1

ε
≈ (2.2× 10−3)× 0.3

ε
, (1.69)
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In terms of CKM elements  and  can be decomposed in 

their U-spin transitions ( , with ). The dominant 

are those with , therefore one can derive the SM phases:  

ΓSM
12 MSM

12
ΔU = 0,1,2 ΔU3 = 0

ΔU = 2

Kagan and Silvestrini, PRD 103, 053008 (2021)

where  is the U-spin suppression factor. The phase  is 

expected to be of the same order of . 

ε ≈ 0.4 ϕM
2

ϕΓ
2

λq
cu ≡ Λq

https://doi.org/10.1103/PhysRevD.103.053008
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CP Violation in Charm Sector

• Disperisive and absorptive phases,   and  are estimated to be of the 
order of 2mrad [Kagan& Silvestrini, PRD 103, 053008 (2021)]. 

• Enhancements up to one of order of magnitude cannot be excluded 
([1103.5785],[1002.4794],[2001.04079]) 

• An upper bound of 5mrad has recently been argued for   
[PRD 103, 053008 (2021)] 

• The current experimental limits are less precise by one order of magnitude, 
as the weak phases are currently measured to be 

 and . 

• Mixing phases can be observed only because contributions from final state 
 under consideration, neglected at the current experimental precision.

ϕΓ
2 ϕM
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2 = (0.030 ± 0.021) rad ϕΓ

2 = (0.044 ± 0.027) rad
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World average + this measurement LHCb

contours hold 68%, 95% CL

Figure 8: Impact of the present measurement on the knowledge of mixing and CP violation

in D0
decays. The fit performed to obtain these results is detailed in Refs. [1–3], is based

on the assumption of approximate universality in D0 → h+h→ decays [4] and employs the

parametrisation in Appendix B of the present article. The world average employs the results

in Refs. [5–40]. A slightly more precise estimate of the mixing parameters can be obtained by

including in the combination measurements from the B sector that are sensitive to the angle ω
of the CKM unitarity triangle [41,42]; those are not included here.
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CP violation in charm

3

Detectable in Cabibbo-suppressed (CS) decays only 
(Cabibbo favoured (CF) and doubly Cabibbo suppressed (DCS): 
 no QCD penguin/chromomagnetic dipole operators)
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Penguin contraction 
(tree + rescattering  e.g. )  
CPV from tiny nonunitarity of 2×2 CKM submatrix 
 
Contributes also to BFs
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Tree, colour-suppressed tree, exchange…

∼ πb

∼ πs

∼ πd = → πs → πb

πi ≡ V*
ci

Vui

In the decay (or direct)

CP Violation in Charm Sector
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Detectable in Cabibbo-suppressed (CS) decays only.  
Cabibbo favoured (CF) and doubly Cabibbo suppressed (DCS): no QCD 
penguin/chromomagnetic dipole operators.
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(tree + rescattering e.g. D0 → π+π−→ K+K−) 
CPV from tiny nonunitarity of 2×2 CKM submatrix could 
enhance CPV up to . Contributes also to BFs.10−3
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F. Blanc, CKM 15/09/2025

• At the LHC, high  and  cross sections  high rate, large statistics 
- but have to deal with large background  trigger strategies 

• LHCb detector was designed and optimised for flavour physics 
- forward spectrometer, running at limited pileup 
- excellent PID capabilities (e, µ, π, K, p) 
- full software trigger (  Run3) 

• ATLAS and CMS 
- high pileup +  geometry  highest statistics 
- excellent muon identification 
- dedicated trigger strategies for flavour physics 

 
 
 
 
 
 
 
 
 

bb̄ cc̄ ⇒
⇒

≥

4π ⇒

2

Flavour physics at hadron colliders (LHC)

Figure 7: Instantaneous data rates (bandwidth) of HEP experiments over the past four decades.
Data compiled by A. Cerri (University of Sussex) and used with permission.

price envelope, also in light of ongoing R&D activities. As a result, the baseline design of
the FTDR is largely confirmed, with a few notable exceptions:

• a → 30% reduction of the area covered by the MT pixels, made possible by tech-
nological improvement of the fibre tracker making it capable of withstanding the
higher doses expected in the regions of the detector closer to the beam;

• a → 25% reduction of the outer UP acceptance, since this area is much less illuminated
and therefore does not bring substantial benefit to the global tracking performance;

• the full reuse, after proper refurbishment, of all of the Shashlik modules of the
present calorimeter for the outer regions of the future PicoCal.

The above optimisations are not expected to produce significant performance degradation
at the nominal peak luminosity of 1.5 ↑ 1034 cm→2 s→1, and lead to a large cost reduction
of about 20% for the Mighty-Pixel, UP and PicoCal subdetectors. This, however, is
compensated by an overall increase of the other detectors due to a combination of
inflation-related e!ects and design updates. The cost of all of the subdetectors as recently
re-estimated is listed in Table 5, together with the relative change with respect to the
FTDR [5]. Besides the physical subdetectors, the table includes separately also the cost
of the trigger farm (RTA project), of the DAQ system (online project) and of the general
detector infrastructure. The total cost envelope sums to → 182 MCHF, which exceeds by
only → 4% the value estimated in the FTDR, → 175 MCHF.

2.2 Scenarios at reduced cost

Since the approval of the FTDR [5], the whole project has undergone an intense review,
to define descoping options capable of reducing the core cost of the detector. As cost

23

https://cds.cern.ch/record/2665537?ln=enhttps://cds.cern.ch/record/2837191
ATLAS

CMS
LHCb

JINST 3 (2008) S08005 
JINST 19 (2024) P05065JINST 3 (2008) S08004JINST 3 (2008) S08003

The e+e− experiments

Soeren Prell Review of e+e- colliders 2

• Belle II (2019 - )
– 505 fb-1 @ Υ(4$)

• Belle (2000-2010)
– 711 fb-1 @ Υ(4$)

Most data at & = ((Υ 4$ ) = 10.58 GeV,
also on Υ 1,2,3,5$ ) and selected energy ranges

KEK, Japan SLAC, USA IHEP, China

Belle & Belle II BABAR BES III

• BABAR (2000 - 2008)
– 431 fb-1 @ Υ(4$)

• BESIII (2009 - )
– Open charm data:

20 fb-1 at . 3770 , 
7.3 fb-1 1(∗)$21(∗)$ 
at 4.13 – 4.23 GeV

& = 2 − 5 GeV

From S. Prell and F. Blanc talks at the CKM workshop 2025 in Cagliari 

LHCb Run1                2011-2012,  3fb-1 
LHCb Run2,              2015-2018, 6fb-1 
LHCb-U1, Run3        2024,           9fb-1 
LHCb-U1, Run3        2025,          12fb-1  
LHCb-U1, Run3        2026, …. 
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The golden observable  ( )ΔACP D0 → h+h−

10

Gaussian functions are distinct for positive and negative
tags, whereas widths and fractions are shared. The param-
eters of the Johnson SU function, which accounts for the
slight asymmetric shape of the signal distribution due to
the proximity of the mðD0Þ þmðπþÞ threshold, are also
shared. The combinatorial background is described by
an empirical function of the form ½mðD0πþÞ −mðD0Þ−
mðπþÞ%αeβmðD0πþÞ, where α and β are two free parameters
which are shared among positive and negative tags. In the
analysis of the μ-tagged sample, the fits are performed to
themðD0Þ distributions. The signal is described by the sum
of two Gaussian functions convolved with a truncated
power-law function that accounts for final-state photon
radiation effects, whereas the combinatorial background is
described by an exponential function. A small contribution
fromD0 → K−πþ decays with a misidentified kaon or pion
is also visible, which is modeled as the tail of a Gaussian
function. Separate fits are performed to subsamples of data
collected with different magnet polarities and in different
years. All partial ΔACP values corresponding to each
subsample are found to be in good agreement and then
averaged to obtain the final results. If single fits are
performed to the overall π-tagged and μ-tagged samples,
small differences of the order of a few 10−5 are found. The
mðD0πþÞ and mðD0Þ distributions corresponding to the
entire samples are displayed in Fig. 1 (see also Ref. [60] for
the corresponding asymmetries as a function of mass). The
π-tagged (μ-tagged) signal yields are approximately 44
(9) million D0 → K−Kþ decays and 14 (3) million D0 →
π−πþ decays. In the case of π-tagged decays, the fits to the

mðD0πþÞ distributions do not distinguish between back-
ground that produces peaks in mðD0πþÞ, which can arise
from D&þ decays where the correct tagging pion is found
but the D0 meson is misreconstructed, and signal. The
effect on ΔACP of residual peaking backgrounds, sup-
pressed by selection requirements to less than 1% of the
number of signal candidates, is evaluated as a systematic
uncertainty.
Studies of systematic uncertainties on ΔACP are carried

out independently for the π-tagged and μ-tagged samples.
Several sources affecting the measurement are considered.
In the case of π-tagged decays, the dominant systematic
uncertainty is related to the knowledge of the signal and
background mass models. It is evaluated by generating
pseudoexperiments according to the baseline fit model,
then fitting alternative models to those data. A value of
0.6 × 10−4 is assigned as a systematic uncertainty, corre-
sponding to the largest variation observed using the
alternative functions. Possible differences between D0πþ

and D̄0π− invariant-mass shapes are investigated by study-
ing a sample of 232 million D&þ → D̄0ðK−πþÞπþ and
D&− → D̄0ðKþπ−Þπ− decays. The effect on ΔACP is esti-
mated to be on the order of 10−5 at most, hence, negligible.
A similar study with pseudoexperiments is also performed
with the μ-tagged sample and a value of 2 × 10−4 is found.
In the case of μ-tagged decays, the main systematic

uncertainty is due to the possibility that the D0 flavor is not
tagged correctly by the muon charge because of misrecon-
struction. The probability of wrongly assigning the D0

flavor (mistag) is studied with a large sample of μ-tagged
D0 → K−πþ decays by comparing the charges of kaon
and muon candidates. Mistag rates are found to be at the
percent level and compatible for positively and negatively
tagged decays. The corresponding systematic uncertainty is
estimated to be 4 × 10−4, also taking into account the fact
that wrongly tagged decays include a fraction of doubly
Cabibbo-suppressed D0 → Kþπ− and mixed D0 → D̄0 →
Kþπ− decays, calculated to be 0.39% with negligible
uncertainty for both the Kþ π− and K− πþ final states
using input from Ref. [63].
Systematic uncertainties of 0.2 × 10−4 and 1 × 10−4

accounting for the knowledge of the weights used in the
kinematic weighting procedure are assessed for π-tagged
and μ-tagged decays, respectively. Although suppressed by
the requirement that theD0 trajectory points back to the PV,
a fraction ofD0 mesons from B decays is still present in the
final π-tagged sample. As D0 → K−Kþ and D0 → π−πþ

decays may have different levels of contamination, the
value of ΔACP may be biased because of an incomplete
cancellation of the production asymmetries of b hadrons.
The fractions ofD0 mesons from B decays are estimated by
performing a fit to the distribution of the D0-candidate
impact parameter in the plane transverse to the beam
direction [60]. The corresponding systematic uncertainty
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FIG. 1. Mass distributions of selected (top) π'-tagged and
(bottom) μ'-tagged candidates for (left) K−Kþ and (right) π−πþ

final states of the D0-meson decays, with fit projections overlaid.

PHYSICAL REVIEW LETTERS 122, 211803 (2019)

211803-4

PRL122 (2019) 211803

 tagπ  tagπ

SL tag

SL tag

44M 14M

( > 5.3σ)

9M 3M

• Nuisance asymmetries cancel out in the difference. 

• Strict U-spin expectation:  

• LHCb Run 2, 2015-2018,  6  

• Firs observation ever of CP violation in che charm sector.  
A clear manifestation of  CP violation in the decay. 

• Very robust and efficient cancelation mechanism. 
Uncertainty driven by size of the of .

ad
K+K− = − ad

π+π−

fb−1

D0 → π+π−

 

              

           

ΔACP = Araw(K+K−) − Araw(π+π−)

= (−1.54 ± 0.29) × 10−3

≈ ad
KK − ad

ππ

https://doi.org/10.1103/PhysRevLett.122.211803
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The challenge of measuring  and ad
KK ad

ππ

Individual CP asymmetries ( )D0 → h+h−

11

where N denotes the observed signal yield in the data, and
the D0 meson decays into K−Kþ. This asymmetry can be
approximated as

AðK−KþÞ ≈ACPðK−KþÞ þ APðD$þÞ þ ADðπþtagÞ; ð4Þ

where APðD$þÞ is the production asymmetry arising from
the different hadronization probabilities between D$þ and
D$− mesons in pp collisions, and ADðπþtagÞ is the instru-
mental asymmetry due to different reconstruction effi-
ciencies of positive and negative tagging pions. The
contributions from the production and instrumental
asymmetries, referred to as nuisance asymmetries, are
estimated and removed through two calibration proce-
dures denoted as CDþ and CDþ

s
, using a set of promptly

produced Dþ and Dþ
s meson decays. Namely, the CDþ

procedure uses D$þ → D0ð→ K−πþÞπþ, Dþ → K−πþπþ,
and Dþ → K̄0πþ decays, while the CDþ

s
procedure

uses D$þ→D0ð→K−πþÞπþ, Dþ
s →ϕð→K−KþÞπþ, and

Dþ
s → K̄0Kþ decays. To avoid statistical overlap, the

sample of D0 → K−πþ decays is randomly split in two,
and the two halves are used separately for the CDþ and CDþ

s

calibration procedures. All these decays are Cabibbo
favored; therefore their CP asymmetries are assumed to
be negligible. In analogy to Eq. (4), the corresponding
measured asymmetries in the calibration decays are decom-
posed as

AðK−πþÞ ≈ APðD$þÞ − ADðKþÞ þ ADðπþÞ þ ADðπþtagÞ;
AðK−πþπþÞ ≈ APðDþÞ − ADðKþÞ þ ADðπþ1 Þ þ ADðπþ2 Þ;

AðK̄0πþÞ ≈ APðDþÞ þ AðK̄0Þ þ ADðπþÞ;
AðϕπþÞ ≈ APðDþ

s Þ þ ADðπþÞ;
AðK̄0KþÞ ≈ APðDþ

s Þ þ AðK̄0Þ þ ADðKþÞ: ð5Þ

In the equations above, ADðKþÞ is the kaon instrumental
asymmetry, APðDþ

ðsÞÞ is the Dþ
ðsÞ meson production asym-

metry, and AðK̄0Þ is the asymmetry arising from the
combined effect of CP violation and mixing in the neutral
kaon system and the different interaction rates of K̄0 and
K0 with the detector material. The asymmetries ADðπþ1 Þ
and ADðπþ2 Þ are related to the two pions in the
Dþ → K−πþπþ decay, distinguished by the online selec-
tion criteria. In AðϕπþÞ, the asymmetry from the oppo-
sitely charged kaons is not included as it is estimated to be
negligible. With the individual terms of Oð10−2Þ or less
[40–43], the approximations in Eqs. (4) and (5) are valid
up to corrections of Oð10−6Þ. The individual nuisance
asymmetries depend on the kinematics of the correspond-
ing particles. After accounting for this kinematic depend-
ence, the time-integrated CP asymmetry, ACPðK−KþÞ, is
obtained for each of the two calibration procedures

individually, by combining the measured asymmetries
as follows:

CDþ∶ACPðK−KþÞ¼AðK−KþÞ−AðK−πþÞ
þAðK−πþπþÞ−AðK̄0πþÞþAðK̄0Þ;

CDþ
s
∶ACPðK−KþÞ¼AðK−KþÞ−AðK−πþÞ

þAðϕπþÞ−AðK̄0KþÞþAðK̄0Þ: ð6Þ

The asymmetries are measured in pp collision data,
collected with the LHCb detector at a center-of-mass
energy of 13 TeV, corresponding to an integrated lumi-
nosity of 5.7 fb−1. The LHCb detector is a single-arm
forward spectrometer designed for the study of particles
containing b or c quarks [44,45]. A high-precision tracking
system with a dipole magnet and vertex detector measures
the momentum (p) and impact parameter (IP) of charged
particles. The IP is defined as the distance of closest
approach between the reconstructed trajectory and a pp
interaction vertex [46]. The IP is used to distinguish
between particles produced in the primary collisions and
those produced in heavy-flavor decays. Different species
of charged hadrons are distinguished using particle iden-
tification (PID) information from two ring-imaging
Cherenkov detectors, an electromagnetic and a hadronic
calorimeter, and a muon detector.
The online event selection, the trigger, consists of a

hardware stage followed by two software stages within
which a near real-time alignment and calibration of the
detector are performed [47]. In the hardware stage, events
are selected based on calorimeter and muon detector
information and are accepted independently of the charm
decay of interest, reducing any related asymmetry to a
negligible level. The subsequent first stage of the software
trigger reconstructs the trajectories using information from
the full LHCb tracking system and applies requirements on
the transverse momentum (pT), the IP, and the displace-
ment from any primary vertex (PV) of the charm-meson
decay products. To pass the selection, at least one charged
particle or two particles forming a high-quality vertex must
fulfill these criteria. The second stage of the software
trigger exploits the full information from the tracking
subdetectors and performs additional steps of the pattern
recognition, including the reconstruction of neutral par-
ticles and PID. Further requirements on PID, kinematics,
and the decay topology are then applied.
TheDþ

s →ϕπþ decays are selected fromDþ
s → K−Kþπþ

decay candidates requiring that the invariant mass of the
kaon pair must be within &5 MeV=c2 of the ϕ mass.
Similarly, the K̄0 mesons, produced in Dþ → K̄0πþ and
Dþ

s → K̄0Kþ decays, are reconstructed using their decay to
two pions, which is dominated by the K0

S state. The two
pions are required to have an invariant mass within
&10 MeV=c2 of theK0

S mass and to form a vertex displaced
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where N denotes the observed signal yield in the data, and
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s
, using a set of promptly

produced Dþ and Dþ
s meson decays. Namely, the CDþ

procedure uses D$þ → D0ð→ K−πþÞπþ, Dþ → K−πþπþ,
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s
procedure
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s
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The online event selection, the trigger, consists of a
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detector are performed [47]. In the hardware stage, events
are selected based on calorimeter and muon detector
information and are accepted independently of the charm
decay of interest, reducing any related asymmetry to a
negligible level. The subsequent first stage of the software
trigger reconstructs the trajectories using information from
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the transverse momentum (pT), the IP, and the displace-
ment from any primary vertex (PV) of the charm-meson
decay products. To pass the selection, at least one charged
particle or two particles forming a high-quality vertex must
fulfill these criteria. The second stage of the software
trigger exploits the full information from the tracking
subdetectors and performs additional steps of the pattern
recognition, including the reconstruction of neutral par-
ticles and PID. Further requirements on PID, kinematics,
and the decay topology are then applied.
TheDþ

s →ϕπþ decays are selected fromDþ
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decay candidates requiring that the invariant mass of the
kaon pair must be within &5 MeV=c2 of the ϕ mass.
Similarly, the K̄0 mesons, produced in Dþ → K̄0πþ and
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s → K̄0Kþ decays, are reconstructed using their decay to
two pions, which is dominated by the K0
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more than 20 mm along the beam direction from the
Dþ

ðsÞ-meson decay. The D0 candidates are required to have
a reconstructed invariant mass between 1844 and
1887 MeV=c2.
An off-line selection is applied to reduce background,

including combinations of random tracks and tracks from
other c hadron decays, and to ensure a further cancellation
of nuisance asymmetries which can depend on the kin-
ematics of the charm mesons, the kaons, and the pions.
These kinematics and PID requirements are applied to both
the signal and related control modes where applicable. To
improve the overall precision, these selections have been
optimized independently for each of the two calibration sets
CDþ and CDþ

s
. A requirement on the IP of the charm hadron

suppresses charm mesons from b hadron decays to a
fraction between 2% and 6% in all decay modes. To
improve the resolution on the track momenta and the
charm meson decay length and invariant mass, a global
decay-chain fit [48] is performed, constraining the origin
vertex of the charm meson to the position of the nearest
primary vertex and the invariant mass of the two pion
system to the known K0

S mass [49].
In the construction of the D$þ candidate, requirements

are imposed on the tagging pion to exclude kinematic
regions which show a large asymmetry in ADðπþtagÞ [50].
The invariant mass of the D$þ, mðD0πþÞ, calculated using
the vector sum of the momenta of the three charged
particles and the knownD0 and πþ masses [49], is required
to be between 2004.5 and 2020 MeV=c2. For events that
contain multiple D$þ candidates, one candidate is retained
randomly.
The nuisance asymmetries introduced in Eqs. (4) and (5)

are expected to depend on the kinematics of the individual
particles. To ensure a proper cancellation of those asym-
metries, per-candidate weights are applied to all the data
samples to equalize the kinematics of D$þ, Dþ, and Dþ

s
mesons and the kaons and pions, as shown in the
Supplemental Material [51]. The values of the weights
are calculated separately for each calibration procedure
using an iterative technique. It is verified that the back-
ground-subtracted, weighted distributions of the compo-
nents of momenta of the relevant particles agree among the
different decays. The weighting procedure is repeated for
each data-taking year and magnet polarity to account for
the dependence of the nuisance asymmetries on data-taking
conditions.
The measured asymmetries of signal components for

each decay mode are determined through least-square fits
to the weighted, binned mass distributions of the charm-
meson candidates, simultaneously for both flavors, as
shown in the Supplemental Material [51]. The signal
models consist of a sum of Gaussian and Johnson SU
functions [59], empirically describing the experimental
resolution and the energy loss due to final-state radiation.

The means of the signal distributions are distinct for the two
charm meson flavors, whereas all the other parameters,
including the relative fractions among the various func-
tions, are shared. For D$þ decays, the combinatorial
background is described by an empirical function of the
form ½mðD0πþÞ −mðD0Þ −mðπþÞ&αeβmðD0πþÞ, where α
and β are two parameters shared between the two flavors.
In the other cases, an exponential function with a distinct
parameter for positive and negative particles is used.
Figure 1 presents the distribution of the D0 → K−Kþ

invariant mass and the result of the fit. The signal yields,
together with the statistical reduction factor, defined as
ðΣi¼K

i¼1 wiÞ2=ðN · Σi¼K
i¼1 w

2
i Þ, where K is the total number of

candidates and wi includes background subtraction and
kinematic weights, are reported in Table I. These reduction
factors are for illustrative purposes only and indicate the
hypothetical fraction of signal events that would provide
the same statistical power as the weighted data sample.
Separate fits are performed to subsamples of data

collected in different years and with different magnet

FIG. 1. Distribution of the invariant mass for the weighted
D$þ → D0ð→ K−KþÞπþ decay candidates, from the CDþ cali-
bration procedure. The result of the fit to this distribution is
also shown.

TABLE I. Signal yields and statistical reduction factors arising
from the kinematic weighting of the sample for the various decay
modes and both calibration procedures.

Signal yield [106] Reduction factor

Decay mode CDþ CDþ
s

CDþ CDþ
s

D0 → K−Kþ 37 37 0.72 0.76
D0 → K−πþ 58 56 0.33 0.76
Dþ → K−πþπþ 188 ( ( ( 0.23 ( ( (
Dþ → K̄0πþ 6 ( ( ( 0.25 ( ( (
Dþ

s → ϕπþ ( ( ( 43 ( ( ( 0.55
Dþ

s → K̄0Kþ ( ( ( 5 ( ( ( 0.70
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particle. Furthermore, the total sample is split by different
data-taking periods, also distinguishing different magnet
polarities. Splitting into subsamples based on the trigger
configuration is also considered. The p values under the
hypothesis of no dependencies of ACPðK−KþÞ on the
various variables are found to be uniformly distributed.
Checks using alternative PID requirements and trigger
selections are performed, and all variations of
ACPðK−KþÞ are found to be compatible within statistical
uncertainties. The resulting values for ACPðK−KþÞ for
both calibration procedures are

CDþ∶ACPðK−KþÞ¼ ½13.6&8.8ðstatÞ&1.6ðsystÞ'×10−4;

CDþ
s
∶ACPðK−KþÞ¼ ½2.8&6.7ðstatÞ&2.0ðsystÞ'×10−4;

with a statistical and systematic correlation of 0.05 and
0.28, respectively, corresponding to a total correlation of
0.06. The two results are in agreement within 1 standard
deviation. Their average is

ACPðK−KþÞ ¼ ½6.8& 5.4ðstatÞ & 1.6ðsystÞ' × 10−4;

consistent with the previous results [51,52,63]. Assuming
that CP is conserved in mixing and in the interference
between decay and mixing, the comparison of the result
reported here with the current world average [65] gives a
compatibility of 1.3 standard deviations.
A combination of all the time-integrated CP asymme-

tries measured by the LHCb collaboration to date is
performed, under the hypothesis that the time-dependent
CP violation term in Eq. (2) is final-state independent, i.e.,
ΔYK−Kþ ¼ ΔYπ−πþ ¼ ΔY, as the final-state dependent
contributions are estimated to be of the order of 10−5 [39].
The combination includes the previous LHCb measure-
ments ofACPðK−KþÞ [52,63] andΔACP [13,50,63] as well
as the current LHCb average of ΔY [39], the world average
of the D0 lifetime [49], and the values of reconstructed
mean decay times for the D0 → K−Kþ and D0 → π−πþ

decays in the various analysis. The combination, obtained
by minimizing a χ2 function that includes all the measure-
ments and their correlations, leads to

adK−Kþ ¼ ð7.7& 5.7Þ × 10−4;

adπ−πþ ¼ ð23.2& 6.1Þ × 10−4;

where the uncertainties include systematic and statistical
contributions with a correlation coefficient of 0.88. Figure 2
shows the central values and the confidence regions in the
ðadK−Kþ ; adπ−πþÞ plane for this combination and the one
realized with data collected between 2010 and 2012
[50,52,63,66,67]. The two combinations are based on an
integrated luminosity of 8.7 fb−1 and 3.0 fb−1, respectively.
The direct CP asymmetries deviate from zero by 1.4 and

3.8 standard deviations for D0 → K−Kþ and D0 → π−πþ

decays, respectively. This is the first evidence for
direct CP violation in the D0 → π−πþ decay. U-spin
symmetry implies adK−Kþ þ adπ−πþ ¼ 0 [68]. A value of
adK−Kþ þ adπ−πþ ¼ ð30.8& 11.4Þ × 10−4 has been found,
corresponding to a departure from U-spin symmetry of
2.7 standard deviations.
In summary, this Letter reports the most precise

measurement of the time-integrated CP asymmetry in the
D0 → K−Kþ decay to date. A combination with the
previous LHCb measurements shows the first evidence
of direct CP asymmetry in an individual charm meson
decay. These results will help to clarify the theoretical
understanding of whether the observed CP violation in
neutral charm meson decays is consistent with the SM, or
an indication of the existence of new dynamics.
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FIG. 2. Central values and two-dimensional confidence regions
in the ðadK−Kþ ; adπ−πþÞ plane for the combinations of the LHCb
results obtained with the dataset taken between 2010 and 2018
and the one taken between 2010 and 2012, corresponding to an
integrated luminosity of 8.7 fb−1 and 3.0 fb−1, respectively.
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Figure 4: Distributions of the invariant mass for the weighted charm-meson candidates, for the
decays (top left) D→+

→D0 (→K↑K+)ω+, (top right) D→+
→D0 (→K↑ω+)ω+, (bottom left)

D+
s →K↑K+ω+, and (bottom right) D+

s →K0K+. The data are from the CD+
s
calibration

procedure. The results of the fits to these distributions are also shown.
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Figure 5: Measurements of A
CP (K↑K+) in (left) time-ordered data-taking (referred to as

run blocks) and (right) year of data-taking and dipole-magnet polarity for the CD+ and CD+
s

calibration procedures. The uncertainties are statistical only. The horizontal lines are the
averaged values for the CD+ and CD+

s
methods, while the bands represent the one-standard-

deviation regions. The labels Mag-Up and Mag-Down refer to the direction of the magnetic field
along the positive and negative directions of y-axis, respectively.
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Supplemental material

Reconstructed mean decay times

The interpretation of ACP (K→K+) in terms of direct CP asymmetries, adω→ω+ and adK→K+

requires the measurement of the reconstructed mean decay time of D0
→ K→K+

decay. The values corresponding to the measurements presented in this Letter are
↑t↓K→K+ = (7.315± 0.020)↔ 10→13 s and ↑t↓K→K+ = (6.868 ± 0.014) ↔ 10→13 s for the
CD+ and CD+

s
methods, respectively. Their correlation corresponds to ω = 0.74. These

measurements are also correlated with the di!erence of reconstructed mean decay times
for D0

→ K→K+ and D0
→ ε→ε+ decays, ”↑t↓ω→tagged, measured in Ref. [13]. The

correlation coe#cients between ↑t↓K→K+ and ”↑t↓ω→tagged are ω = 0.23 and ω = 0.25 for
the CD+ and CD+

s
methods, respectively.

Additional plots
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Figure 3: Distributions of the invariant mass for the weighted charm-meson candidates, for the
decays (top left) D↑+

→D0 (→K→K+)ω+, (top right) D↑+
→D0 (→K→ω+)ω+, (bottom left)

D+
→K→ω+ω+, (bottom right) D+

→K0ω+. The data are from the CD+ calibration procedure.
The results of the fits to these distributions are also shown. The top left is repeated from the
main text.
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[with a total correlation of 6%]

https://doi.org/10.1103/PhysRevLett.131.091802
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By combining with  and   to measure 
direct CP asymmetry in both decays

ΔACP ΔY
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Example: D0 → h−h+
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See Nico Klejine at Moriond EW 2024 for a proposal to use  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Sπ−π+

regeneration and CPV in 
mixing explicitly calculated  
CERN-THESIS-2014-274

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

−Araw(D*+ → D0( → K−π+)π+)

+Araw(D+
s → K+K−π+)

−Araw(D+
s → K+K0

S)

+Adet(K
0)bottleneck to 

final precision

Phys. Rev. Lett. 131 (2023) 9, 091802

ACP(K+K−) = (6.8 ± 5.4 ± 1.6) ≡ 10−4
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ad
KK = (6.4 ± 5.3) × 10−4

ad
ππ = (21.9 ± 5.8) × 10−4 ( )3.8σ
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CP violation in charm

3

Detectable in Cabibbo-suppressed (CS) decays only 
(Cabibbo favoured (CF) and doubly Cabibbo suppressed (DCS): 
 no QCD penguin/chromomagnetic dipole operators)

ad
K+K→ − → 2 Im(

πb

πs
)

P

T
sin(λP → λT)

1.3 × 10–3

A(D0 ≈ K→K+) ≡ πsT + πbP

+𝒪(π4)
VCKM =

1 →
π2

2
π Aπ3(δ→iρ)

→π →iA2π5ρ 1 →
π2

2
Aπ2

Aπ3(1 → δ → iρ) →Aπ2 1

d s b

u

c
t

Electroweak-loop diagram:

c u

u u

s

s

d, s, b

W

D0

K+

K−

Rescattering contribution from π π
−

→

c s

u u

s

u

d

W

u

d

D0

K+

K−

Tree-level diagram:

c s

u u

s

u

W

D0

K+

K−

Penguin contraction 
(tree + rescattering  e.g. )  
CPV from tiny nonunitarity of 2×2 CKM submatrix 
 
Contributes also to BFs

D0 ≈ η+η→ ≈ K+K→

QCD penguin 
(negligible)

Tree, colour-suppressed tree, exchange…

∼ πb

∼ πs

∼ πd = → πs → πb

πi ≡ V*
ci

Vui

It must be of the order of unit. NP or SM? 
Very important to access |P/T| and 
strong phase difference. 
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Final precision given by  decays. 

 Long-living  meson has a limited acceptance in LHCb  different trigger selections mainly based on single track 
 Kaon regeneration and CPV in mixing explicitly calculated CERN-THESIS-2014-274. In  the future also need to 

account for interference between CF and DCS decay amplitude. 

D+
(s) → K0

Sh+

→ K0 ⟹
→
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Direct CP violation

The special role of D0 → K0
SK0

S

• Excellent candidate for charm CPV confirmation. 
- Penguin diagram suppressed due to CKM. 

- Tree diagram vanishes in the SU(3) limit. 

- Sensitive to different amplitude mix w.r.t.  and 
→ complementarity with  . 

• Theoretical predictions upper end is . 
However no clear picture. Other predictions  
based on certain parameter assumptions. 

• An accuracy of  might be no longer a 
dream with the entire dataset from LHCb Run3. Note 
both LHCb and CMS use  as calibration 
channel.

D0 → K+K−

D0 → π+π− ΔACP

ACP(K0
SK0

S) ≈ 1 %
≈ 10−4

≈ 3 × 10−3

D0 → K0
Sπ+π−

15

Lorenzo Pica                               Charm CP violation measurements with KS
0 final states at LHCb                               17/10/2025

The role of ACP(KS
0KS

0)
The D 0→KS

0KS
0 really interesting in this scenario – excellent candidate for charm CPV confirmation:

- penguin diagram suppressed due to CKM
- tree diagram vanishes in the SU(3) limit

    → ACP(KS
0KS

0) enhancement
     (other channel where first observation was thought to be likely)

Theoretical predictions upper end is ACP(KS
0KS

0) ~ 1%
PRD 92 (2015) 054036, PRD 92 (2015) 014004, PRD 100 (2019) 093002,
PRD 86 (2012) 014023, PRD 86 (2012) 036012, PRD 99 (2019) 113001
(No clear picture → other predictions ~ 10-4

based on certain parameter assumptions)

Sensitive to different amplitude mix w.r.t. D 0 → K +K - and D 0 → 𝜋+𝜋 -

→  complementarity with 𝛥ACP – another reference point to help understand charm CPV

Exchange (E)

Penguin 
Annihilation (PA)
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Final unblinded result

39

Final ACP(D 0→KS
0KS

0) measurement with 2024 data not included
in thesis due to pending LHCb internal review

    ACP(D 0→KS
0KS

0) = (1.86 ± 1.04 ± 0.41)%
→ compatible with no CPV
→ compatible with previous WA

Paper to be submitted to Journal of High Energy Physics
in the next few days
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Figure 4: Results of the fit for the sample satisfying the low purity selection and integrating all
data blocks. The left (right) column reports histograms for the D0 (D0) candidates. The !m
distributions are reported in the top row. The masses of the two K0

S candidates are reported in
the middle and bottom rows. The D0

→ K0
SK

0
S component is indicated by the red area. For the

m(K0
S) distributions the combinatorial component refers to random combination of pions.

Table 2: Summary of absolute systematic uncertainty sources on A
CP (D0

→ K0
SK

0
S) in percent.

Systematic source Uncertainty [%]
Calibration sample size 0.24
Weighting procedure 0.20
Fit model 0.27

function for the nonpeaking component in the !m distribution. The largest observed
variations are taken as the systematic uncertainty ranging from 0.1% to 1.9%, depending
on the subsample. The systematic uncertainties due to the choice of fit model are assumed
to be fully correlated across the data blocks, resulting in a total systematic uncertainty
associated with the choice of the fit model of 0.27%. A summary of all systematic e”ects
can be found in Table 2.

The data sample includes data blocks recorded with each polarity of the LHCb magnet.
To check for potential uncompensated systematic e”ects, the asymmetries of the signal and
calibration mode have been compared separately for the MagUp and MagDown magnet

10

[2510.14732]. Submitted to JHEP.

First LHCb measurement with 2024 data, 6.2 fb−1.

PRD 112 (2025) 012017

EPJC 84 (2024) 1264

4.3K 11K

Confirmed x3 efficiency gain wrt 
LHCb Run 2 at analysis level.

https://arxiv.org/abs/2510.14732
https://journals.aps.org/prd/abstract/10.1103/8x1h-39dp
https://link.springer.com/article/10.1140/epjc/s10052-024-13244-0
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Right-Sign and Wrong-Sign  decaysD0 → Kπ

Time-dependence of the WS-to-RS yield ratios

R+
Kπ(t) =

Γ(D0 → K+π−)
Γ(D0 → K+π−)

R−
Kπ(t) =

Γ(D0 → K−π+)
Γ(D0 → K−π+)

superimposed. The probability density functions (PDFs)
employed in the fit are described in Sec. VI. Signal decays
are distributed according to an approximately Gaussian
PDF in the D!þ invariant mass with a standard deviation of
about 0.3 MeV=c2. The background is dominated by real
D0 mesons associated with uncorrelated particles and has a
square-root-like shape. The small contribution from the
ghost soft-pion background accounts for about 3.7% of the
whole WS sample and will be discussed and quantified in
the next two sections. Selecting a mass range within
#0.6 MeV=c2 (about two standard deviations) from the
known D!þ mass, purities of about 99.1% and 30.9% are
found for the RS and WS candidates, respectively. The
signal yield is 1.6 million for WS decays and 412 million
for RS decays.

V. GHOST BACKGROUND SAMPLE

As described in Sec. IV, whenever a D0 candidate is used
to reconstruct both a WS D!− and a RS D!þ candidate, and
themðD0πþs Þ value of the RS candidate lies in the vicinity of
the known D!þ mass [12], the WS candidate is discarded.
The RS candidates belonging to this sample are mostly
genuine D!þ signal decays, while the corresponding WS
candidates arise from the association of theD0 meson with a
ghost soft pion or with an uncorrelated particle (in most
cases, a pion originating from the PV). The opening angle
between the directions of the soft pions of the WS and RS
candidates, θðπþs ; π−s Þ, allows these two different sources of
backgrounds to be disentangled, as shown in the top panel of
Fig. 3. The distribution of the pairs where one of the two soft
pions is a ghost has a narrow peak close to zero since they
share the same clusters of hits in the vertex detector. The
component due to the uncorrelated particles, instead, has a
muchwider distribution, populating higher anglevalues. The
requirement θðπþs ; π−s Þ < 1 mrad selects a pure sample of

FIG. 2. Mass distribution of (top) WS and (bottom) RS
candidates after the offline selection. Different fit components
are displayed stacked. The ghost background component is
present in both WS and RS samples, but is barely visible only
in the WS one.

FIG. 3. Distribution of the angle between common WS and RS
soft pions, θðπþs ; π−s Þ, for the common candidates subsample
(top). The 1 mrad threshold, utilized to select the common ghost
candidates, is marked by a vertical dashed line. Distribution of
mðD0πþs Þ for the common ghost candidates (bottom).

R. AAIJ et al. PHYS. REV. D 111, 012001 (2025)

012001-6

superimposed. The probability density functions (PDFs)
employed in the fit are described in Sec. VI. Signal decays
are distributed according to an approximately Gaussian
PDF in the D!þ invariant mass with a standard deviation of
about 0.3 MeV=c2. The background is dominated by real
D0 mesons associated with uncorrelated particles and has a
square-root-like shape. The small contribution from the
ghost soft-pion background accounts for about 3.7% of the
whole WS sample and will be discussed and quantified in
the next two sections. Selecting a mass range within
#0.6 MeV=c2 (about two standard deviations) from the
known D!þ mass, purities of about 99.1% and 30.9% are
found for the RS and WS candidates, respectively. The
signal yield is 1.6 million for WS decays and 412 million
for RS decays.

V. GHOST BACKGROUND SAMPLE

As described in Sec. IV, whenever a D0 candidate is used
to reconstruct both a WS D!− and a RS D!þ candidate, and
themðD0πþs Þ value of the RS candidate lies in the vicinity of
the known D!þ mass [12], the WS candidate is discarded.
The RS candidates belonging to this sample are mostly
genuine D!þ signal decays, while the corresponding WS
candidates arise from the association of theD0 meson with a
ghost soft pion or with an uncorrelated particle (in most
cases, a pion originating from the PV). The opening angle
between the directions of the soft pions of the WS and RS
candidates, θðπþs ; π−s Þ, allows these two different sources of
backgrounds to be disentangled, as shown in the top panel of
Fig. 3. The distribution of the pairs where one of the two soft
pions is a ghost has a narrow peak close to zero since they
share the same clusters of hits in the vertex detector. The
component due to the uncorrelated particles, instead, has a
muchwider distribution, populating higher anglevalues. The
requirement θðπþs ; π−s Þ < 1 mrad selects a pure sample of

FIG. 2. Mass distribution of (top) WS and (bottom) RS
candidates after the offline selection. Different fit components
are displayed stacked. The ghost background component is
present in both WS and RS samples, but is barely visible only
in the WS one.

FIG. 3. Distribution of the angle between common WS and RS
soft pions, θðπþs ; π−s Þ, for the common candidates subsample
(top). The 1 mrad threshold, utilized to select the common ghost
candidates, is marked by a vertical dashed line. Distribution of
mðD0πþs Þ for the common ghost candidates (bottom).

R. AAIJ et al. PHYS. REV. D 111, 012001 (2025)

012001-6

WS  
1.6M

RS  
412M

AKπ ¼ 0, ΔcKπ ¼ 0 and Δc0Kπ ¼ 0. The consistency of the
data with the hypothesis of CP symmetry is determined
from the change in χ2 between the fits assuming CP
conservation and allowing for CP violation. The results are
compatible with the hypothesis of CP symmetry with a
p-value of 0.57. The significance of the quadratic term in
the decay-time-dependent ratio is similarly evaluated by
repeating the fit with and without fixing c0Kπ to zero. The
difference in the χ2 value gives a significance of 3.4
standard deviations against the hypothesis of c0Kπ ¼ 0.
This is the first measurement to have significant sensitivity
to the quadratic term. The systematic uncertainties are
summarized in Table II, where the contribution from each
source is obtained by repeating the fit with the associated
nuisance parameters fixed to their best-fit values and

subtracting the resulting covariance matrix from the one
of the unconstrained fit. The “mass modeling” contribution
accounts for possible imperfections of the used empirical
PDFs and is determined by repeating the fit by fixing the
inflation factor ϵ to 1. The “ghost soft pions” contribution
quantifies the impact on the analysis of the uncertainty on
this component, and is determined by repeating all
mðD0πþs Þ mass fits fixing the parameters of the PDF of
the ghost component, in each decay-time interval, to those
obtained in the baseline fits where they are free to float. The
“instrumental asymmetry” contribution refers to the uncer-
tainties on the nuisance parameters AKK

jy , which account for
the statistical uncertainties in measuring the raw asymmetry
in the D0 → KþK− signal candidates, and is relevant only
for the CP-violation parameters. The contributions from
“adKK input” and “ΔY input” account for the uncertainties of
the world-average values of these observables. The con-
tributions “doubly misID” and “common candidates” refer
to the uncertainty related to the estimate of the bias caused
by the doubly misidentified RS candidates and to the
uncertainty on the relative fraction of discarded WS
candidates due to the removal of common WS-RS candi-
dates. They are determined by repeating the fit with the
nuisance parameters C and D, respectively, fixed to their
best-fit values. The item “decay-time bias” accounts for the
uncertainties in the determination of the decay-time biases,
which include biases from trigger-induced effects, uncer-
tainties in the PVand DV resolutions, misalignments in the
vertex detector, the composition of the simulated sample of
secondary D%þ decays, the finite size of the simulation
sample, and inflation of the uncertainty to account for local
disagreements in the template fit. The systematic uncer-
tainty is determined by repeating the fit while fixing the
values of the hδtijy terms to their best-fit values. The last

FIG. 11. Half sum and half difference of measured WS-to-RS
yields ratio for the Kþ π− and K− πþ final states as a function of
decay time. Projections of fits where CP -violation effects are
allowed (solid line) or forbidden (dotted line) are overlaid. The
abscissa of each data point corresponds to the average decay time
over the bin, the horizontal error bars delimit the bin, and the
vertical error bars indicate the statistical uncertainties.

TABLE II. Summary of the statistical (stat.) and systematic
(syst.) uncertainties (unc.). Dots are used to indicate values below
0.1 in the relevant units for that column. The abbreviations “Instr.”
and “cand.” stand for “Instrumental” and “candidates”, respectively.

RKπ cKπ c0Kπ AKπ ΔcKπ Δc0Kπ
Source [10−5] [10−4] [10−6] [10−3] [10−4] [10−6]

Mass modeling 0.5 0.8 0.9 1.4 0.8 0.8
Ghost soft pions 0.4 0.8 0.8 1.1 0.8 1.1
Instr. asymmetry & & & & & & & & & 1.2 0.7 0.7
adKK input & & & & & & & & & 1.1 & & & & & &
ΔY input & & & & & & & & & & & & 0.1 0.1
Doubly misID 0.1 0.1 0.1 & & & & & & & & &
Common cand. 0.2 & & & & & & & & & & & & & & &
Decay-time bias 0.1 0.2 0.1 0.1 & & & & & &
mD0=τD0 input & & & 0.1 0.1 & & & & & & & & &

Total syst. unc. 0.7 1.1 1.2 2.4 1.3 1.4
Stat. unc. 1.9 3.3 3.5 5.5 3.3 3.5

Total unc. 2.0 3.5 3.7 6.0 3.6 3.8

TABLE I. Results of the fit to the time dependence of the WS-
to-RS ratio. Uncertainties and correlations include both statistical
and systematic contributions.

Correlations [%]

Parameters cKπ c0Kπ AKπ ΔcKπ Δc0Kπ

RKπ ð343.1' 2.0Þ × 10−5 −92.4 80.0 0.9 −0.8 0.1
cKπ ð51.4' 3.5Þ × 10−4 −94.1 −1.4 1.4 −0.7
c0Kπ ð13.1' 3.7Þ × 10−6 0.7 −0.7 0.1
AKπ ð−7.1' 6.0Þ × 10−3 −91.5 79.4
ΔcKπ ð3.0' 3.6Þ × 10−4 −94.1
Δc0Kπ ð−1.9' 3.8Þ × 10−6
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AKπ ¼ 0, ΔcKπ ¼ 0 and Δc0Kπ ¼ 0. The consistency of the
data with the hypothesis of CP symmetry is determined
from the change in χ2 between the fits assuming CP
conservation and allowing for CP violation. The results are
compatible with the hypothesis of CP symmetry with a
p-value of 0.57. The significance of the quadratic term in
the decay-time-dependent ratio is similarly evaluated by
repeating the fit with and without fixing c0Kπ to zero. The
difference in the χ2 value gives a significance of 3.4
standard deviations against the hypothesis of c0Kπ ¼ 0.
This is the first measurement to have significant sensitivity
to the quadratic term. The systematic uncertainties are
summarized in Table II, where the contribution from each
source is obtained by repeating the fit with the associated
nuisance parameters fixed to their best-fit values and

subtracting the resulting covariance matrix from the one
of the unconstrained fit. The “mass modeling” contribution
accounts for possible imperfections of the used empirical
PDFs and is determined by repeating the fit by fixing the
inflation factor ϵ to 1. The “ghost soft pions” contribution
quantifies the impact on the analysis of the uncertainty on
this component, and is determined by repeating all
mðD0πþs Þ mass fits fixing the parameters of the PDF of
the ghost component, in each decay-time interval, to those
obtained in the baseline fits where they are free to float. The
“instrumental asymmetry” contribution refers to the uncer-
tainties on the nuisance parameters AKK

jy , which account for
the statistical uncertainties in measuring the raw asymmetry
in the D0 → KþK− signal candidates, and is relevant only
for the CP-violation parameters. The contributions from
“adKK input” and “ΔY input” account for the uncertainties of
the world-average values of these observables. The con-
tributions “doubly misID” and “common candidates” refer
to the uncertainty related to the estimate of the bias caused
by the doubly misidentified RS candidates and to the
uncertainty on the relative fraction of discarded WS
candidates due to the removal of common WS-RS candi-
dates. They are determined by repeating the fit with the
nuisance parameters C and D, respectively, fixed to their
best-fit values. The item “decay-time bias” accounts for the
uncertainties in the determination of the decay-time biases,
which include biases from trigger-induced effects, uncer-
tainties in the PVand DV resolutions, misalignments in the
vertex detector, the composition of the simulated sample of
secondary D%þ decays, the finite size of the simulation
sample, and inflation of the uncertainty to account for local
disagreements in the template fit. The systematic uncer-
tainty is determined by repeating the fit while fixing the
values of the hδtijy terms to their best-fit values. The last

FIG. 11. Half sum and half difference of measured WS-to-RS
yields ratio for the Kþ π− and K− πþ final states as a function of
decay time. Projections of fits where CP -violation effects are
allowed (solid line) or forbidden (dotted line) are overlaid. The
abscissa of each data point corresponds to the average decay time
over the bin, the horizontal error bars delimit the bin, and the
vertical error bars indicate the statistical uncertainties.

TABLE II. Summary of the statistical (stat.) and systematic
(syst.) uncertainties (unc.). Dots are used to indicate values below
0.1 in the relevant units for that column. The abbreviations “Instr.”
and “cand.” stand for “Instrumental” and “candidates”, respectively.

RKπ cKπ c0Kπ AKπ ΔcKπ Δc0Kπ
Source [10−5] [10−4] [10−6] [10−3] [10−4] [10−6]

Mass modeling 0.5 0.8 0.9 1.4 0.8 0.8
Ghost soft pions 0.4 0.8 0.8 1.1 0.8 1.1
Instr. asymmetry & & & & & & & & & 1.2 0.7 0.7
adKK input & & & & & & & & & 1.1 & & & & & &
ΔY input & & & & & & & & & & & & 0.1 0.1
Doubly misID 0.1 0.1 0.1 & & & & & & & & &
Common cand. 0.2 & & & & & & & & & & & & & & &
Decay-time bias 0.1 0.2 0.1 0.1 & & & & & &
mD0=τD0 input & & & 0.1 0.1 & & & & & & & & &

Total syst. unc. 0.7 1.1 1.2 2.4 1.3 1.4
Stat. unc. 1.9 3.3 3.5 5.5 3.3 3.5

Total unc. 2.0 3.5 3.7 6.0 3.6 3.8

TABLE I. Results of the fit to the time dependence of the WS-
to-RS ratio. Uncertainties and correlations include both statistical
and systematic contributions.

Correlations [%]

Parameters cKπ c0Kπ AKπ ΔcKπ Δc0Kπ

RKπ ð343.1' 2.0Þ × 10−5 −92.4 80.0 0.9 −0.8 0.1
cKπ ð51.4' 3.5Þ × 10−4 −94.1 −1.4 1.4 −0.7
c0Kπ ð13.1' 3.7Þ × 10−6 0.7 −0.7 0.1
AKπ ð−7.1' 6.0Þ × 10−3 −91.5 79.4
ΔcKπ ð3.0' 3.6Þ × 10−4 −94.1
Δc0Kπ ð−1.9' 3.8Þ × 10−6

R. AAIJ et al. PHYS. REV. D 111, 012001 (2025)

012001-14

R+
Kπ + R−

Kπ

2
= RKπ (1 +

cKπ

RKπ
t +

c′￼Kπ

RKπ
t2)

≈ y12 cos ΔKπ + x12 sin ΔKπ

≈
x2

12 + y2
12

4

≈ ad
K+π− ≈ ϕM

2 x12

R+
Kπ − R−

Kπ

2
= RKπ (AKπ +

ΔcKπ

RKπ
t +

Δc′￼Kπ

RKπ
t2)
≈ (ϕM

2 − ϕΓ
2 ) x12y12

2

AKπ ¼ 0, ΔcKπ ¼ 0 and Δc0Kπ ¼ 0. The consistency of the
data with the hypothesis of CP symmetry is determined
from the change in χ2 between the fits assuming CP
conservation and allowing for CP violation. The results are
compatible with the hypothesis of CP symmetry with a
p-value of 0.57. The significance of the quadratic term in
the decay-time-dependent ratio is similarly evaluated by
repeating the fit with and without fixing c0Kπ to zero. The
difference in the χ2 value gives a significance of 3.4
standard deviations against the hypothesis of c0Kπ ¼ 0.
This is the first measurement to have significant sensitivity
to the quadratic term. The systematic uncertainties are
summarized in Table II, where the contribution from each
source is obtained by repeating the fit with the associated
nuisance parameters fixed to their best-fit values and

subtracting the resulting covariance matrix from the one
of the unconstrained fit. The “mass modeling” contribution
accounts for possible imperfections of the used empirical
PDFs and is determined by repeating the fit by fixing the
inflation factor ϵ to 1. The “ghost soft pions” contribution
quantifies the impact on the analysis of the uncertainty on
this component, and is determined by repeating all
mðD0πþs Þ mass fits fixing the parameters of the PDF of
the ghost component, in each decay-time interval, to those
obtained in the baseline fits where they are free to float. The
“instrumental asymmetry” contribution refers to the uncer-
tainties on the nuisance parameters AKK

jy , which account for
the statistical uncertainties in measuring the raw asymmetry
in the D0 → KþK− signal candidates, and is relevant only
for the CP-violation parameters. The contributions from
“adKK input” and “ΔY input” account for the uncertainties of
the world-average values of these observables. The con-
tributions “doubly misID” and “common candidates” refer
to the uncertainty related to the estimate of the bias caused
by the doubly misidentified RS candidates and to the
uncertainty on the relative fraction of discarded WS
candidates due to the removal of common WS-RS candi-
dates. They are determined by repeating the fit with the
nuisance parameters C and D, respectively, fixed to their
best-fit values. The item “decay-time bias” accounts for the
uncertainties in the determination of the decay-time biases,
which include biases from trigger-induced effects, uncer-
tainties in the PVand DV resolutions, misalignments in the
vertex detector, the composition of the simulated sample of
secondary D%þ decays, the finite size of the simulation
sample, and inflation of the uncertainty to account for local
disagreements in the template fit. The systematic uncer-
tainty is determined by repeating the fit while fixing the
values of the hδtijy terms to their best-fit values. The last

FIG. 11. Half sum and half difference of measured WS-to-RS
yields ratio for the Kþ π− and K− πþ final states as a function of
decay time. Projections of fits where CP -violation effects are
allowed (solid line) or forbidden (dotted line) are overlaid. The
abscissa of each data point corresponds to the average decay time
over the bin, the horizontal error bars delimit the bin, and the
vertical error bars indicate the statistical uncertainties.

TABLE II. Summary of the statistical (stat.) and systematic
(syst.) uncertainties (unc.). Dots are used to indicate values below
0.1 in the relevant units for that column. The abbreviations “Instr.”
and “cand.” stand for “Instrumental” and “candidates”, respectively.

RKπ cKπ c0Kπ AKπ ΔcKπ Δc0Kπ
Source [10−5] [10−4] [10−6] [10−3] [10−4] [10−6]

Mass modeling 0.5 0.8 0.9 1.4 0.8 0.8
Ghost soft pions 0.4 0.8 0.8 1.1 0.8 1.1
Instr. asymmetry & & & & & & & & & 1.2 0.7 0.7
adKK input & & & & & & & & & 1.1 & & & & & &
ΔY input & & & & & & & & & & & & 0.1 0.1
Doubly misID 0.1 0.1 0.1 & & & & & & & & &
Common cand. 0.2 & & & & & & & & & & & & & & &
Decay-time bias 0.1 0.2 0.1 0.1 & & & & & &
mD0=τD0 input & & & 0.1 0.1 & & & & & & & & &

Total syst. unc. 0.7 1.1 1.2 2.4 1.3 1.4
Stat. unc. 1.9 3.3 3.5 5.5 3.3 3.5

Total unc. 2.0 3.5 3.7 6.0 3.6 3.8

TABLE I. Results of the fit to the time dependence of the WS-
to-RS ratio. Uncertainties and correlations include both statistical
and systematic contributions.

Correlations [%]

Parameters cKπ c0Kπ AKπ ΔcKπ Δc0Kπ

RKπ ð343.1' 2.0Þ × 10−5 −92.4 80.0 0.9 −0.8 0.1
cKπ ð51.4' 3.5Þ × 10−4 −94.1 −1.4 1.4 −0.7
c0Kπ ð13.1' 3.7Þ × 10−6 0.7 −0.7 0.1
AKπ ð−7.1' 6.0Þ × 10−3 −91.5 79.4
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 quantum correlations DD
Strong phase differences

• Strong phase between /  decays are essential input for  angle 
extraction, as well as for mixing and CPV in charm.  CLEO-c and 
BESIII already exploit QC or  pair ( ) produced at  
resonance in many decay modes. 

• QC should exist also at energies above  mass from 
  with  where  photons. 

• First observation of QC  with . From rates of different 
combinations of  decays to flavor and  eigenstates:

D D γ

DD C = − 1 ψ(3770)

ψ(3770)
e+e− → XD0D0 C = (−1)nγ+1 X = nγ

C = + 1
D CP
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A novel measurement technique of strong-phase di!erences between the decay amplitudes of D0

and D0 mesons is introduced which exploits quantum-correlated DD pairs produced by e+e→

collisions at energies above the ω(3770) production threshold, where DD pairs are produced in
both even and odd eigenstates of the charge-conjugation symmetry. Employing this technique, the
first determination of a D0–D0 relative strong phase is reported with such data samples. The
strong-phase di!erence between D0 → K→ε+ and D0 → K→ε+ decays, ϑDKω, is measured to be
ϑDKω =

(
192.8+11.0+1.9

→12.4→2.4

)↑
, using a dataset corresponding to an integrated luminosity of 7.13 fb→1

collected at center-of-mass energies between 4.13 ↑ 4.23 GeV by the BESIII experiment.

I. INTRODUCTION

It has long been recognized that quantum-correlated
DD pairs produced in e+e→ collisions at the charm
threshold can be exploited to determine decay prop-
erties that are necessary inputs for measurements of
CP violation and charm mixing [1, 2] (here a D de-
notes a neutral charm meson that is not necessarily in
a flavor eigenstate). The CLEO and BESIII collabora-
tions have reported measurements exploiting quantum-
correlated DD pairs produced at the ω(3770) resonance
in many decay modes, for example in the D → K→ε+

decay [3–5]. The DD pairs are produced through the
annihilation process, e+e→ → ϑ↑

→ cc̄, and thus are
in an odd eigenstate of the charge conjugation operator,
with eigenvalue C = ↑1, due to the intermediate virtual
photon. To satisfy C quantum-number conservation, the
amplitude of the DD pair is

|D↓ |D↓ + C |D↓ |D↓ , (1)

and hence the decays of the two D mesons are correlated.
In DD → Y1 vs. Y2 decays, where Y1 and Y2 are modes
accessible to both the D0 and D0 mesons, interference oc-
curs between the two final state paths D0

→ Y1, D0
→ Y2

and D0
→ Y2, D0

→ Y1. The e!ects on the interference
can be exploited to determine the hadronic parameters
associated with the decay amplitudes of Y1 and Y2.

The presence of quantum correlations in DD pairs
produced at energies above the charm threshold, where
additional particles may be produced, has been previ-
ously proposed [6–9]. However, until now, correlations in
this regime have never been studied experimentally. In
this paper, the DD pairs produced in the e+e→ → DD ,
e+e→ → D↑D and e+e→ → D↑D↑ processes, where each
D↑ meson decays into a D meson and a photon or neu-
tral pion, are demonstrated to be quantum correlated us-
ing a dataset corresponding to an integrated luminosity
of 7.13 fb→1 collected at center-of-mass energies between
4.13 and 4.23 GeV by the BESIII experiment. Charged
conjugation is implied here and throughout the paper.

At higher energies the C-eigenvalues of the additional

TABLE I. Mechanisms by which quantum-correlated DD
pairs with eigenvalue C are produced through the
e+e→ → DD , D↓D and D↓D↓ processes.

Production mechanism C

e+e→ → DD ↑1

e+e→ → D↓D → DD ϖ +1

e+e→ → D↓D → DD ε0 ↑1

e+e→ → D↓D↓ → DD ϖϖ ↑1

e+e→ → D↓D↓ → DD ε0ϖ +1

e+e→ → D↓D↓ → DD ε0ε0 ↑1

particles produced in the D↑ decays dictate that of the
DD pair. It naturally follows that the DD pair can be
in a C-even or odd eigenstate. Table I displays the six
possible DD production mechanisms for the processes
examined in this paper. The ϑ and ε0 particles possess
the eigenvalues Cω = ↑1 and Cε0 = +1, respectively,
and so that of the DD pair produced in the process,
e+e→ → DD + nϑ + mε0, is given by

C = (Cω)n+1
↔ (Cε0)m = (↑1)n+1. (2)

The quantum-correlated DD pairs reconstructed in
the dataset are exploited to measure the strong-phase
di!erence between D0

→ K→ε+ and D0
→ K→ε+ de-

cays, denoted ϖDKε, and defined through the amplitude
ratio,

rDKεe→iϑDKω =
A(D0

→ K→ε+)

A(D0 → K→ε+)
, (3)

where rDKε is the magnitude of that ratio. The strong-
phase di!erence ϖDKε is of particular interest, as it is
an auxiliary parameter both in measurements of charm
mixing and CP violation [10, 11], and measurements of
CP violation in B±

→ DK± decays where the D sub-
sequently decays to the Kε final state [12]. The devi-
ation of ϖDKε from ε also provides information on the
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FIG. 7. The ratios of e!ciency-corrected yields observed in data to those expected in the absence of correlations for each DD
final state originating from each production mechanism. The combined statistical and systematic uncertainties are shown.

Fωωω0

+
are precisely known and hence they are fixed to

the values determined in Refs. [17, 31]. The measured
coherence parameters, which are displayed in Table VI,
are all found to be consistent with one with ω2/n.d.f.
= 19.9/25, confirming the expectations. The systematic
uncertainties are around 35% of the total uncertainties
shown in Table VI.

TABLE VI. Measured coherence parameters for each produc-
tion mechanism.

Production mechanism [C] ω

DD [→1] 1.015 ± 0.066

D→D̄ ↑ εDD [+1] 1.044 ± 0.044

D→D̄ ↑ ϑ0DD [→1] 1.028 ± 0.024

D→D̄→ ↑ εϑ0DD [+1] 1.027 ± 0.017

D→D̄→ ↑ εε/ϑ0ϑ0DD [→1] 0.963 ± 0.060

The e!ects of the quantum correlations are further ev-
ident in Fig. 7, which shows the ratio of the e”ciency-
corrected yield to the prediction assuming the DD pair
is not quantum correlated for each final state and pro-
duction mechanism. Once again the uncorrelated predic-
tions are determined using the DD → K→ε+ vs. K+ε→

decay yields. The measured ratios are found to be in
good agreement with the predictions assuming each pro-
duction mechanism is in a pure C eigenstate as com-
puted using Eq. (4), which are zero for all suppressed
decays and 2 + O(x2, y2) for enhanced decays from C-
odd DD pairs. Charm-mixing corrections are consid-
ered in the predictions for the enhanced decays of C-

even DD pairs. In the decays to two CP eigenstates
the predicted ratio is 2(1 ± 4y) where the preceding sign
on y is negative (positive) for two CP -even (odd) de-
cays, and it is 2(1 ↑ (y cos ϑDKω + x sin ϑDKω)/rDKω) for the
DD → K↑ε± vs. K↑ε± decays. For the final states
that include a D → ε+ε→ε0 decay, a small correction
is applied to the predictions to account for the CP -odd
content and the background from D → K0

S
ε0 decays.

The results obtained constitute the first observation of
C-even DD pairs. Moreover, they are the first demon-
stration of the quantum correlations in DD pairs pro-
duced above the charm threshold, and opens the way for
data collected at these energies to be used for measure-
ments of the strong phases of D mesons.

V. MEASUREMENT OF ϖDKω

A. Overview

A measurement of the strong-phase di!erence be-
tween D0

→ K→ε+ and D0
→ K→ε+ decays, ϑDKω,

is performed. This determination assumes the ex-
pected quantum-correlated behavior of the DD pairs
from each production mechanism that is validated in
Sec. IV. The strong-phase di!erence ϑDKω is measured us-
ing DD → K→ε+ vs. Y decays, where Y is one of the
four CP eigenstates presented in Table IV or K0

S
ε+ε→,

and is referred to as the ‘tag’ throughout.
From Eq. (4), it can be shown that for the CP tags, the

quantum correlations enhance or suppress the decay rate
relative to the scenario where the decays of the D and D
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A novel measurement technique of strong-phase di!erences between the decay amplitudes of D0

and D0 mesons is introduced which exploits quantum-correlated DD pairs produced by e+e→

collisions at energies above the ω(3770) production threshold, where DD pairs are produced in
both even and odd eigenstates of the charge-conjugation symmetry. Employing this technique, the
first determination of a D0–D0 relative strong phase is reported with such data samples. The
strong-phase di!erence between D0 → K→ε+ and D0 → K→ε+ decays, ϑDKω, is measured to be
ϑDKω =

(
192.8+11.0+1.9

→12.4→2.4

)↑
, using a dataset corresponding to an integrated luminosity of 7.13 fb→1

collected at center-of-mass energies between 4.13 ↑ 4.23 GeV by the BESIII experiment.

I. INTRODUCTION

It has long been recognized that quantum-correlated
DD pairs produced in e+e→ collisions at the charm
threshold can be exploited to determine decay prop-
erties that are necessary inputs for measurements of
CP violation and charm mixing [1, 2] (here a D de-
notes a neutral charm meson that is not necessarily in
a flavor eigenstate). The CLEO and BESIII collabora-
tions have reported measurements exploiting quantum-
correlated DD pairs produced at the ω(3770) resonance
in many decay modes, for example in the D → K→ε+

decay [3–5]. The DD pairs are produced through the
annihilation process, e+e→ → ϑ↑

→ cc̄, and thus are
in an odd eigenstate of the charge conjugation operator,
with eigenvalue C = ↑1, due to the intermediate virtual
photon. To satisfy C quantum-number conservation, the
amplitude of the DD pair is

|D↓ |D↓ + C |D↓ |D↓ , (1)

and hence the decays of the two D mesons are correlated.
In DD → Y1 vs. Y2 decays, where Y1 and Y2 are modes
accessible to both the D0 and D0 mesons, interference oc-
curs between the two final state paths D0

→ Y1, D0
→ Y2

and D0
→ Y2, D0

→ Y1. The e!ects on the interference
can be exploited to determine the hadronic parameters
associated with the decay amplitudes of Y1 and Y2.

The presence of quantum correlations in DD pairs
produced at energies above the charm threshold, where
additional particles may be produced, has been previ-
ously proposed [6–9]. However, until now, correlations in
this regime have never been studied experimentally. In
this paper, the DD pairs produced in the e+e→ → DD ,
e+e→ → D↑D and e+e→ → D↑D↑ processes, where each
D↑ meson decays into a D meson and a photon or neu-
tral pion, are demonstrated to be quantum correlated us-
ing a dataset corresponding to an integrated luminosity
of 7.13 fb→1 collected at center-of-mass energies between
4.13 and 4.23 GeV by the BESIII experiment. Charged
conjugation is implied here and throughout the paper.

At higher energies the C-eigenvalues of the additional

TABLE I. Mechanisms by which quantum-correlated DD
pairs with eigenvalue C are produced through the
e+e→ → DD , D↓D and D↓D↓ processes.

Production mechanism C

e+e→ → DD ↑1

e+e→ → D↓D → DD ϖ +1

e+e→ → D↓D → DD ε0 ↑1

e+e→ → D↓D↓ → DD ϖϖ ↑1

e+e→ → D↓D↓ → DD ε0ϖ +1

e+e→ → D↓D↓ → DD ε0ε0 ↑1

particles produced in the D↑ decays dictate that of the
DD pair. It naturally follows that the DD pair can be
in a C-even or odd eigenstate. Table I displays the six
possible DD production mechanisms for the processes
examined in this paper. The ϑ and ε0 particles possess
the eigenvalues Cω = ↑1 and Cε0 = +1, respectively,
and so that of the DD pair produced in the process,
e+e→ → DD + nϑ + mε0, is given by

C = (Cω)n+1
↔ (Cε0)m = (↑1)n+1. (2)

The quantum-correlated DD pairs reconstructed in
the dataset are exploited to measure the strong-phase
di!erence between D0

→ K→ε+ and D0
→ K→ε+ de-

cays, denoted ϖDKε, and defined through the amplitude
ratio,

rDKεe→iϑDKω =
A(D0

→ K→ε+)

A(D0 → K→ε+)
, (3)

where rDKε is the magnitude of that ratio. The strong-
phase di!erence ϖDKε is of particular interest, as it is
an auxiliary parameter both in measurements of charm
mixing and CP violation [10, 11], and measurements of
CP violation in B±

→ DK± decays where the D sub-
sequently decays to the Kε final state [12]. The devi-
ation of ϖDKε from ε also provides information on the

ΔKπ = − δKπ(HFLAV) = π − δD
Kπ
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Figure 7: Likelihood contours of mixing parameters, assuming that CP violation in charm mixing
can be neglected. The !ω2 = 2.38, 6.18, 11.83 contours are indicated, corresponding to the
68.7, 95.0, 99.7% confidence intervals for a Gaussian likelihood. The average of previous LHCb
measurements for the mixing parameters is also shown, where the marker size is significantly
larger than the current uncertainties [4].
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Figure 8: Likelihood contours of (left) mixing parameters, in the case that CP violation is
allowed, and (right) the CP -violating parameters themselves. The !ω2 = 2.38, 6.18, 11.83
contours are indicated, corresponding to the 68.7, 95.0, 99.7% confidence intervals for a Gaussian
likelihood. The average of previous LHCb measurements for the mixing parameters is also
shown, where the marker size is significantly larger than the current uncertainties [4].

These results are compatible with previous measurements [51] and with the hypothesis of
CP conservation.

The interpretation in terms of charm-mixing parameters is currently limited by the
knowledge of the hadronic parameters of D

0 → K
±
ω
→
ω
±
ω
→ decays that come from
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Mixing and CPV with D0 → Kπππ

• Similar analysis approach of  decays by studying the 
WS-to-RS ratio a function of decay time.  

• Time-dependence (index ) measured in 4 space  bins (index )  

• Strong parameters,  and  constrained with results from 
CLEO-c, BESIII, LHCb. 

• CP-violating parameters:

D0 → Kπ

j i

ki δi
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Figure 1: Simultaneous !m fit to phase-space integrated (left) WS data and (right) RS data in
the first time bin.

Table 2: Signal yields for RS and WS samples, split by kaon charge and integrated over time
bins. The results are shown for the inclusive decay and in the individual phase-space bins.

Bin RS K
→ WS K

+ RS K
+ WS K

→

Inclusive (64 788± 9)→ 103 221 440± 830 (62 802± 9)→ 103 220 450± 820
1 (16 651± 5)→ 103 61 790± 420 (16 140± 5)→ 103 60 970± 420
2 (14 403± 4)→ 103 62 040± 410 (13 970± 4)→ 103 62 200± 410
3 (14 749± 4)→ 103 56 440± 400 (14 296± 4)→ 103 56 316± 400
4 (18 988± 5)→ 103 41 060± 410 (18 397± 5)→ 103 41 470± 410

5 E!ciency corrections

Di!erent resonant structures populate the WS and RS decays [23]. Furthermore, the
acceptance of the selection is not uniform over phase space. For these reasons, there is a
di!erence in selection e”ciency between WS and RS decays. Simulation is used to assess
the size of these e!ects. A weighting is applied to ensure the kinematical distributions
agree between simulation and data; this weighting is derived with the RS samples and
applied to both the RS and WS simulation samples. It is found that the e”ciency
di!erence varies from around 0.5% in phase-space bin 4 to around 2% in phase-space bin 1.
Corrections are applied to the measured WS/RS ratios to account for these di!erences.

Time-dependent e”ciency biases also exist and are corrected using simulation. These
biases arise from correlations between the acceptance in phase space and decay time that
enter at the first stage of the software trigger, where a requirement is imposed on the pT

and ω
2

IP
of tracks from the D

0 decay. In simulated samples generated without mixing, it
is found that these correlations lead to a linear evolution in the ratio between WS and RS
yields with decay time of approximately 10% of the size of the genuine mixing signal that
is ultimately measured in the phase-space-inclusive data sample. With mixing present, the
resonant structure of the WS sample varies with decay time, on account of the evolving
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Figure 3: Phase-space binned WS/RS ratio in bins of decay time, with the fit results also shown.

Table 3: Measured values of the mixing parameters in the CP -conserving fit.

Phase-space bin (x2 + y
2) [→10→5] r(i) [→10→2] (ωy↑)(i) [→10→3]

Inclusive 7.2± 2.8± 1.6 5.511± 0.035± 0.026 ↑2.69± 0.67± 0.39

1

5.9± 2.8± 1.2

5.674± 0.045± 0.029 ↑4.16± 0.73± 0.30

2 5.989± 0.049± 0.031 ↑5.72± 0.75± 0.36

3 5.834± 0.046± 0.032 ↑3.01± 0.72± 0.36

4 4.627± 0.051± 0.043 0.51± 0.83± 0.40

are the set of 40 per-bin asymmetries AKK
ij and the two parameters characterising CP

violation in the control channel with which they are measured: adKK and !Y . The fits to
data are shown in Fig. 4 and the numerical results in Table 4. The reduced ε

2 is 0.86 for
71 degrees of freedom.
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Table 1: Measured values of ω(i) and ε(i) inclusive over phase space (in phase-space bin i) from
a combination of charm-threshold data and measurements performed by the LHCb collaboration
in Run 1 of the LHC [21,22,25]. The definition of the phase-space bins is given in Ref. [22].

Phase-space bin ω(i) ε(i)[→]

Inclusive 0.43 + 0.07
↑ 0.06 162 + 20

↑ 18

1 0.56 + 0.19
↑ 0.20 127 + 31

↑ 14

2 0.89 + 0.11
↑ 0.22 134 + 20

↑ 12

3 0.71 + 0.11
↑ 0.10 167 + 24

↑ 19

4 0.41 + 0.25
↑ 0.25 292 + 42

↑ 18

bin, as these quantities are expected to vary with phase space. A fit to the set of
measurements of Rij across bins of decay time accesses the observables ri and (ωy↓)i
for phase-space bin i, together with x

2 + y
2. From these observables, x and y may be

determined, by taking as input the values of the coherence factors and average phase
di!erences obtained from studies of quantum-correlated DD decays at charm threshold,
performed with data accumulated by the BESIII and CLEO-c experiments [22, 25]. The
current knowledge of these parameters from charm-threshold studies, and including phase-
space inclusive constraints from an earlier LHCb analysis [21], is summarised in Table 1.
Conversely, it is possible to derive constraints on the coherence factors and average
phase di!erences, by using external measurements of the mixing parameters as input [4].
This latter approach has the potential to improve on the knowledge obtained from the
charm-threshold experiments alone, and thereby benefit the measurement of ϑ.

An inclusive analysis is also performed, as it remains desirable to perform a determi-
nation of the charm-mixing observables integrated over phase space. Although such an
analysis has lower sensitivity to the mixing parameters, the constraints on the coherence
factor and average phase di!erence are valuable input for many measurements, in particu-
lar those where limited sample size does not allow for the phase space to be binned. The
current knowledge of these inclusive parameters from the charm-threshold experiments
and the earlier LHCb analysis is also included in Table 1. Note that the sum over the four
bins does not encompass all phase space, as it excludes a small region in which at least
one of the ϖ

+
ϖ
↑ masses lies close to the mass of the K

0

S
meson. This region is excluded

as it has high background levels in analyses performed at the threshold experiments.
Finally, the assumption of CP conservation is removed. Two separate ratios are
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performed with data accumulated by the BESIII and CLEO-c experiments [22, 25]. The
current knowledge of these parameters from charm-threshold studies, and including phase-
space inclusive constraints from an earlier LHCb analysis [21], is summarised in Table 1.
Conversely, it is possible to derive constraints on the coherence factors and average
phase di!erences, by using external measurements of the mixing parameters as input [4].
This latter approach has the potential to improve on the knowledge obtained from the
charm-threshold experiments alone, and thereby benefit the measurement of ϑ.

An inclusive analysis is also performed, as it remains desirable to perform a determi-
nation of the charm-mixing observables integrated over phase space. Although such an
analysis has lower sensitivity to the mixing parameters, the constraints on the coherence
factor and average phase di!erence are valuable input for many measurements, in particu-
lar those where limited sample size does not allow for the phase space to be binned. The
current knowledge of these inclusive parameters from the charm-threshold experiments
and the earlier LHCb analysis is also included in Table 1. Note that the sum over the four
bins does not encompass all phase space, as it excludes a small region in which at least
one of the ϖ

+
ϖ
↑ masses lies close to the mass of the K

0

S
meson. This region is excluded

as it has high background levels in analyses performed at the threshold experiments.
Finally, the assumption of CP conservation is removed. Two separate ratios are

measured,

R
+

ij →
”[D0 ↑ K

+
ϖ
↑
ϖ
+
ϖ
↑]

”[D0 ↑ K+ϖ↑ϖ+ϖ↑]
↓ r

+

i ↔ r
+

i (ωy
→
+)i

〈
tij

ϱ

〉
+

(x+2 + y
+2)

4

〈
tij

ϱ

2
〉
, (3)

and the CP -conjugated observable

R
↑
ij →

”[D0 ↑ K
↑
ϖ
+
ϖ
↑
ϖ
+]

”[D0 ↑ K↑ϖ+ϖ↑ϖ+]
↓ r

↑
i ↔ r

↑
i (ωy

→↑)i

〈
tij

ϱ

〉
+

(x↑2 + y
↑2)

4

〈
tij

ϱ

2
〉
, (4)

3

Table 1: Measured values of ω(i) and ε(i) inclusive over phase space (in phase-space bin i) from
a combination of charm-threshold data and measurements performed by the LHCb collaboration
in Run 1 of the LHC [21,22,25]. The definition of the phase-space bins is given in Ref. [22].

Phase-space bin ω(i) ε(i)[→]

Inclusive 0.43 + 0.07
↑ 0.06 162 + 20

↑ 18

1 0.56 + 0.19
↑ 0.20 127 + 31

↑ 14

2 0.89 + 0.11
↑ 0.22 134 + 20

↑ 12

3 0.71 + 0.11
↑ 0.10 167 + 24

↑ 19

4 0.41 + 0.25
↑ 0.25 292 + 42

↑ 18

bin, as these quantities are expected to vary with phase space. A fit to the set of
measurements of Rij across bins of decay time accesses the observables ri and (ωy↓)i
for phase-space bin i, together with x

2 + y
2. From these observables, x and y may be

determined, by taking as input the values of the coherence factors and average phase
di!erences obtained from studies of quantum-correlated DD decays at charm threshold,
performed with data accumulated by the BESIII and CLEO-c experiments [22, 25]. The
current knowledge of these parameters from charm-threshold studies, and including phase-
space inclusive constraints from an earlier LHCb analysis [21], is summarised in Table 1.
Conversely, it is possible to derive constraints on the coherence factors and average
phase di!erences, by using external measurements of the mixing parameters as input [4].
This latter approach has the potential to improve on the knowledge obtained from the
charm-threshold experiments alone, and thereby benefit the measurement of ϑ.

An inclusive analysis is also performed, as it remains desirable to perform a determi-
nation of the charm-mixing observables integrated over phase space. Although such an
analysis has lower sensitivity to the mixing parameters, the constraints on the coherence
factor and average phase di!erence are valuable input for many measurements, in particu-
lar those where limited sample size does not allow for the phase space to be binned. The
current knowledge of these inclusive parameters from the charm-threshold experiments
and the earlier LHCb analysis is also included in Table 1. Note that the sum over the four
bins does not encompass all phase space, as it excludes a small region in which at least
one of the ϖ

+
ϖ
↑ masses lies close to the mass of the K

0

S
meson. This region is excluded

as it has high background levels in analyses performed at the threshold experiments.
Finally, the assumption of CP conservation is removed. Two separate ratios are

measured,

R
+

ij →
”[D0 ↑ K

+
ϖ
↑
ϖ
+
ϖ
↑]

”[D0 ↑ K+ϖ↑ϖ+ϖ↑]
↓ r

+

i ↔ r
+

i (ωy
→
+)i

〈
tij

ϱ

〉
+

(x+2 + y
+2)

4

〈
tij

ϱ

2
〉
, (3)

and the CP -conjugated observable

R
↑
ij →

”[D0 ↑ K
↑
ϖ
+
ϖ
↑
ϖ
+]

”[D0 ↑ K↑ϖ+ϖ↑ϖ+]
↓ r

↑
i ↔ r

↑
i (ωy

→↑)i

〈
tij

ϱ

〉
+

(x↑2 + y
↑2)

4

〈
tij

ϱ

2
〉
, (4)

3

No CPV fit

https://arxiv.org/abs/2510.04963


Michael J. Morello (SNS & INFN-Pisa)                                           WIFAI (Bari) - November 11, 2025 

The king of charm

D0 → K0
s π+π−

• Phenomenology very rich. Probe Mixing and CPV with different 
sensitivity to physic observables depending on the DP position.  
Multiple interfering amplitudes (CF,DCS, CP-eigenstates). 

•  Two approaches: 
- Model dependent (full time-dependent amplitude analysis) - see next slide. 

- Model-independent (bin-flip) using strong phases differences in bins of  
Dalitz plot from Charm Factories (BES-III, CLEO-c) 

• Particular sensitive to . First observation in 2021!!! x = (M1 − M2)/2Γ
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greater than 5σ exists [10] for the difference in time-
integrated CP violation in D0 → K−Kþ and D0 → π−πþ

decays.1 There have been no experimental indications of
CP violation in mixing or in the interference between
mixing and decay of neutral charm mesons thus far. The
current world averages of mixing and CP-violating param-
eters are [11]

x ¼ ð0.409þ0.048
−0.049Þ × 10−2;

y ¼ ð0.615þ0.056
−0.055Þ × 10−2;

jq=pj ¼ 0.995% 0.016;

ϕ ¼ −0.044% 0.021 rad:

The self-conjugate decay D0 → K0
Sπ

þπ− provides direct
access to both the charm mixing and CP-violating param-
eters. Using this decay, with the D0 produced in the decay
chain D&þ → D0ð→ K0

Sπ
þπ−Þπþ, the LHCb collaboration

reported the first observation of a nonzero value for the x
parameter [9].
This paper presents a measurement of charm mixing

parameters in D0 → K0
Sπ

þπ− decays reconstructed in
proton-proton (pp) collision data, collected by the LHCb
experiment between 2016 and 2018 (Run 2), corresponding
to an integrated luminosity of 5.4 fb−1. The D0 mesons
originate from semileptonic decays of b hadrons of the
form B̄ → D0ð→ K0

Sπ
þπ−Þμ−ν̄μX, where the D0 flavor is

determined from the charge of the muon. The measurement
is based on the so-called bin-flip approach, an improved
model-independent method, based on [12,13], that sup-
presses biases due to a nonuniform event reconstruction
efficiency as a function of phase space and decay-time [14].
This measurement complements the above-mentioned
analysis of D&þ → D0ð→ K0

Sπ
þπ−Þπþ decays [9]. The

independent data sample of D0 mesons from semileptonic
decays allows to sample the low decay-time region,
which is not accessible to the D&þ → D0ð→ K0

Sπ
þπ−Þπþ

decays analysis. The procedure of the analysis presented
here is mostly aligned with that reported in Ref. [9]. A
combination of the two results is performed to exploit the
increased data sample size and wider coverage of D0

decay-time.

II. THE LHCb DETECTOR

The LHCb detector [15,16] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding the
pp interaction region, a large-area silicon-strip detector
located upstream of a dipole magnet with a bending power
of about 4 Tm, and three stations of silicon-strip detectors

and straw drift tubes placed downstream of the magnet. The
tracking system provides a measurement of the momentum,
p, of charged particles with a relative uncertainty that varies
from 0.5% at low momentum to 1.0% at 200 GeV=c. The
minimum distance of a track to a primary pp collision
vertex (PV), the impact parameter (IP), is measured with a
resolution of ð15þ 29=pTÞ μm, where pT is the compo-
nent of the momentum transverse to the beam, in GeV=c.
Different types of charged hadrons are distinguished using
information from two ring-imaging Cherenkov detectors.
Photons, electrons and hadrons are identified by a calo-
rimeter system consisting of scintillating-pad and pre-
shower detectors, an electromagnetic and a hadronic
calorimeter. Muons are identified by a system composed
of alternating layers of iron and multiwire proportional
chambers. The online event selection is performed by a
trigger, which consists of a hardware stage, based on
information from the calorimeter and muon systems,
followed by a software stage, which applies a full event
reconstruction.
Simulation is required to model the effects of the detector

acceptance and the imposed selection requirements. In the
simulation, pp collisions are generated using PYTHIA [17]
with a specific LHCb configuration [18]. Decays of
unstable particles are described by EvtGen [19], in which
final-state radiation is generated using PHOTOS [20]. The
interaction of the generated particles with the detector, and
its response, are implemented using the Geant4 toolkit [21]
as described in Ref. [22].

III. ANALYSIS METHOD

The analysis is based on the bin-flip method proposed in
Ref. [14]. It is a model-independent approach, optimized
for the measurement of the mixing parameter x, which
avoids the need for an accurate modeling of the efficiency
variation across phase space and decay-time. The relevant
aspects of the method are summarized below.
The D0→K0

Sπ
þπ− decay dynamics is embodied in a

Dalitz plot, parametrizedwith the squared two-bodymasses,

m2
% ≡

!
m2ðK0

Sπ
%Þ for D0 → K0

Sπ
þπ−decays

m2ðK0
Sπ

∓Þ for D̄0 → K0
Sπ

þπ−decays
: ð7Þ

The parameters of interest are obtained from time-
dependent ratios of yields in bins symmetric with respect
to the principal bisector of the Dalitz plot, which is defined
bym2

þ ¼ m2
−. The region defined bym2

þ > m2
− (m2

þ < m2
−)

is called the lower (upper) region of the Dalitz plot. Among
possible intermediate resonances, the D0 meson decay can
proceed through a Cabibbo-favored (CF) path viaK&−πþ or
a doubly Cabibbo-suppressed (DCS) path via K&þπ−.
These paths populate specific regions in the Dalitz plot,

as can be seen in Fig. 1 (left). The decays proceeding
through the CF path dominate in the lower part of the Dalitz1Charge conjugation is implied throughout the paper.
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where PsigðσtjbÞ is a histogram template determined,
independently for each bin b and for each data subset,
by subtracting the σt distribution of the candidates in the
mðK0

Sπ
þπ−Þ sideband ½1.97; 2.00% GeV=c2 from the σt

distribution of the signal region using the measured
background fraction. The resolution function RðtjσtÞ is

parametrized as a double Gaussian distribution

RðtjσtÞ ¼ fGðtjμ; σ1Þ þ ð1 − fÞGðtjμ; s2σ1Þ; ð13Þ

where σ1 ¼ s1σt þ s11σ2t . The parameters f, μ, s1, s11, and
s2 are determined directly from the fit to the data (in the fit
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FIG. 2. Distributions of (left)mðK0
Sπ

þπ−Þ for candidates populating theQ signal region and (right) ofQ for candidates populating the
mðK0

Sπ
þπ−Þ signal region, in (top) Belle and (bottom) Belle II data with fit projections overlaid. The signal regions are indicated with

vertical lines.

1

10

210

8 c/4
 G

eV
5!

10$
C

an
di

da
te

s 
pe

r 2
.5

1 2 3

]4c/2 [GeV%
2m

0.5

1

1.5

2

2.5

3

]4 c/2
 [G

eV
!2

m

1! = 951 fbL dt#Belle

1

10

210 8 c/4
 G

eV
5!

10$
C

an
di

da
te

s 
pe

r 2
.5

1 2 3

]4c/2 [GeV%
2m

0.5

1

1.5

2

2.5

3

]4 c/2
 [G

eV
!2

m

1! = 408 fbL dt#Belle II

FIG. 3. Dalitz plots of candidates populating the signal region in (left) Belle and (right) Belle II data.

I. ADACHI et al. PHYS. REV. D 111, 112011 (2025)

112011-6

plot, while the DCS transitions populate the upper part of
the plot. The ratio of decays in these two regions of the
Dalitz plot does not change with time in the absence of
mixing. In the presence of mixing, theD0 mesons that have
oscillated and decay via the CF path populate the same
region as nonmixed mesons decaying via the DCS path.
Measuring the time evolution of the ratio between the
yields in those regions gives access to the mixing param-
eters. Separating the data sample by flavor further allows
the measurement of CP-violating parameters.

The Dalitz space is divided into bins such that each bin b
in the lower part of the Dalitz plot has a corresponding bin
−b in the upper part of the Dalitz plot.
A scheme with eight pairs of bins as proposed by

CLEO [23] is used, where bins are chosen such that the
strong phase difference between the D0 and D̄0 amplitudes
is nearly constant in each bin. The binning scheme is
depicted in Fig. 1 (right). The data are further divided into
ten equipopulated bins with the following edges in the
measured D0 decay-time,

½0.00; 0.155; 0.285; 0.42; 0.57; 0.74; 0.94; 1.20; 1.58; 2.22; 20.00"τD0 ; ð8Þ

where τD0 is the world-average value of theD0 lifetime [5]. The yields are measured for each initial flavor of theD0 meson,
Dalitz bin and decay-time bin.
For small mixing parameters and in the limit of CP-conserving decay amplitudes, the ratio of yields between the Dalitz

bin −b and the Dalitz bin þb in the decay-time bin j can be expressed as [14]

R&
bj ≈

rb þ 1
4 rbht

2ijRe
!
z2CP − Δz2 þ 1

4 ht
2ijjzCP & Δzj2 þ ffiffiffiffiffi

rb
p htij

#
Re½X'

bðzCP & ΔzÞ"

1þ 1
4 ht

2ijRe
!
z2CP − Δz2 þ rb 1

4 ht
2ijjzCP & Δzj2 þ ffiffiffiffiffi

rb
p htij

#
Re½XbðzCP & ΔzÞ"

; ð9Þ

where the þ (−) sign refers to the D0 (D̄0) initial flavor.
Here htij (ht2ij) is the average of the decay-time (squared)
of unmixed decays in units of τD0 , rb is the decay-time
independent ratio of signal yields between bins −b andþb,
zCP & Δz≡ −ðq=pÞ&1ðyþ ixÞ, and Xb ≡ cb − isb, where
cb and sb are the amplitude-weighted averages of the cosine
and sine of the strong-phase difference over the Dalitz
bin &b. The mixing and CP-violating parameters are
determined by performing a simultaneous fit of the R&

bj
expressions to the measured yield ratios. Equation (9) is
valid if time-dependent variations of the Dalitz plot
efficiency are negligible. Time-independent efficiency

variations in the Dalitz phase space do not affect the
extraction of the mixing and CP-violating parameters,
which relate to zCP and Δz as

xCP ¼ −ImðzCPÞ; Δx ¼ −ImðΔzÞ; ð10Þ

yCP ¼ −ReðzCPÞ; Δy ¼ −ReðΔzÞ: ð11Þ

The analysis steps are described in the following para-
graphs, with references to specific sections given where
applicable. Section IV explains the initial selection of
the data, which includes a multivariate analysis (MVA)
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FIG. 1. (Left) D0 Dalitz plot of reconstructed B̄ → D0ð→ K0
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þπ−Þμ−ν̄μX decays for the D0 flavor and (right) definition of the
binning scheme proposed by CLEO [23].
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plot, while the DCS transitions populate the upper part of
the plot. The ratio of decays in these two regions of the
Dalitz plot does not change with time in the absence of
mixing. In the presence of mixing, theD0 mesons that have
oscillated and decay via the CF path populate the same
region as nonmixed mesons decaying via the DCS path.
Measuring the time evolution of the ratio between the
yields in those regions gives access to the mixing param-
eters. Separating the data sample by flavor further allows
the measurement of CP-violating parameters.

The Dalitz space is divided into bins such that each bin b
in the lower part of the Dalitz plot has a corresponding bin
−b in the upper part of the Dalitz plot.
A scheme with eight pairs of bins as proposed by

CLEO [23] is used, where bins are chosen such that the
strong phase difference between the D0 and D̄0 amplitudes
is nearly constant in each bin. The binning scheme is
depicted in Fig. 1 (right). The data are further divided into
ten equipopulated bins with the following edges in the
measured D0 decay-time,

½0.00; 0.155; 0.285; 0.42; 0.57; 0.74; 0.94; 1.20; 1.58; 2.22; 20.00"τD0 ; ð8Þ

where τD0 is the world-average value of theD0 lifetime [5]. The yields are measured for each initial flavor of theD0 meson,
Dalitz bin and decay-time bin.
For small mixing parameters and in the limit of CP-conserving decay amplitudes, the ratio of yields between the Dalitz

bin −b and the Dalitz bin þb in the decay-time bin j can be expressed as [14]
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where the þ (−) sign refers to the D0 (D̄0) initial flavor.
Here htij (ht2ij) is the average of the decay-time (squared)
of unmixed decays in units of τD0 , rb is the decay-time
independent ratio of signal yields between bins −b andþb,
zCP & Δz≡ −ðq=pÞ&1ðyþ ixÞ, and Xb ≡ cb − isb, where
cb and sb are the amplitude-weighted averages of the cosine
and sine of the strong-phase difference over the Dalitz
bin &b. The mixing and CP-violating parameters are
determined by performing a simultaneous fit of the R&

bj
expressions to the measured yield ratios. Equation (9) is
valid if time-dependent variations of the Dalitz plot
efficiency are negligible. Time-independent efficiency

variations in the Dalitz phase space do not affect the
extraction of the mixing and CP-violating parameters,
which relate to zCP and Δz as

xCP ¼ −ImðzCPÞ; Δx ¼ −ImðΔzÞ; ð10Þ
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The analysis steps are described in the following para-
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applicable. Section IV explains the initial selection of
the data, which includes a multivariate analysis (MVA)

1

10

210

/
 2

Si
gn

al
 p

er
 4

.5
 M

eV

0.5 1 1.5 2 2.5 3
]/2 [GeV

0.5

1

1.5

2

2.5

3

]
/2

 [G
eV

!

LHCb
 1!   5.4 fb

0.5 1 1.5 2 2.5 3
]4/2 [GeV2

+

0.5

1

1.5

2

2.5

3

]4
/2

 [G
eV

2 !

1

2

3

4

5

6

7

8

A
bs

ol
ut

e 
bi

n 
in

de
x 

+

!

FIG. 1. (Left) D0 Dalitz plot of reconstructed B̄ → D0ð→ K0
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plot, while the DCS transitions populate the upper part of
the plot. The ratio of decays in these two regions of the
Dalitz plot does not change with time in the absence of
mixing. In the presence of mixing, theD0 mesons that have
oscillated and decay via the CF path populate the same
region as nonmixed mesons decaying via the DCS path.
Measuring the time evolution of the ratio between the
yields in those regions gives access to the mixing param-
eters. Separating the data sample by flavor further allows
the measurement of CP-violating parameters.

The Dalitz space is divided into bins such that each bin b
in the lower part of the Dalitz plot has a corresponding bin
−b in the upper part of the Dalitz plot.
A scheme with eight pairs of bins as proposed by

CLEO [23] is used, where bins are chosen such that the
strong phase difference between the D0 and D̄0 amplitudes
is nearly constant in each bin. The binning scheme is
depicted in Fig. 1 (right). The data are further divided into
ten equipopulated bins with the following edges in the
measured D0 decay-time,

½0.00; 0.155; 0.285; 0.42; 0.57; 0.74; 0.94; 1.20; 1.58; 2.22; 20.00"τD0 ; ð8Þ

where τD0 is the world-average value of theD0 lifetime [5]. The yields are measured for each initial flavor of theD0 meson,
Dalitz bin and decay-time bin.
For small mixing parameters and in the limit of CP-conserving decay amplitudes, the ratio of yields between the Dalitz

bin −b and the Dalitz bin þb in the decay-time bin j can be expressed as [14]
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where the þ (−) sign refers to the D0 (D̄0) initial flavor.
Here htij (ht2ij) is the average of the decay-time (squared)
of unmixed decays in units of τD0 , rb is the decay-time
independent ratio of signal yields between bins −b andþb,
zCP & Δz≡ −ðq=pÞ&1ðyþ ixÞ, and Xb ≡ cb − isb, where
cb and sb are the amplitude-weighted averages of the cosine
and sine of the strong-phase difference over the Dalitz
bin &b. The mixing and CP-violating parameters are
determined by performing a simultaneous fit of the R&

bj
expressions to the measured yield ratios. Equation (9) is
valid if time-dependent variations of the Dalitz plot
efficiency are negligible. Time-independent efficiency

variations in the Dalitz phase space do not affect the
extraction of the mixing and CP-violating parameters,
which relate to zCP and Δz as

xCP ¼ −ImðzCPÞ; Δx ¼ −ImðΔzÞ; ð10Þ

yCP ¼ −ReðzCPÞ; Δy ¼ −ReðΔzÞ: ð11Þ

The analysis steps are described in the following para-
graphs, with references to specific sections given where
applicable. Section IV explains the initial selection of
the data, which includes a multivariate analysis (MVA)
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xCP ≈ x12 ≈ x = (4.01 ± 0.45 ± 0.20) × 10−3 (7.5σ)
yCP ≈ y12 ≈ y = (5.51 ± 1.16 ± 0.59) × 10−3

Δx ≈ − y12 sin ϕΓ
2 = (−0.29 ± 0.18 ± 0.01) × 10−3

Δy ≈ + x12 sin ϕM
2 = (+0.31 ± 0.35 ± 0.13) × 10−3

 x = (4.0 ± 1.7 ± 0.4) × 10−3

y = (2.9 ± 1.4 × 0.3) × 10−3

Recent results  
(model-independent) 
PRD 111(2025)112011
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The king of charm

D0 → K0
s π+π−

• Model-idependent approach very powerful, particularly in hadronic 
environment, however also important amplitudes structure.  
- Mixing and CPV from B-Factories —  Belle PRD 89(2014) 091103(R),  

BaBar PRL105(2010)081803 — Hoping for BelleII updates soon. 

- More difficult at LHCb but doable. Still waiting for results.  

• More sensitive to mixing and CPV than bin-flip. 

• Becoming more and more important as calibration channel.  
For instance for time-integrated  , , 

, … 

• Particularly relevant for future measurements. Key role of mixing and 
CPV in neutral kaon system and regeneration effect in matter.   

ACP(D0 → K+K−) ACP(D+ → ϕπ+)
ACP(D0 → K0

SK0
S)

21

TrðmÞ ¼ 1

m2
0 −m2 − im0ΓðmÞ

; ð8Þ

where m0 denotes the pole mass of the resonance, and the
mass-dependent width Γ is given by

ΓðmÞ ¼ Γ0

!
q
q0

"ð2Lþ1Þ!m0

m

"
FðLÞ
r

2: ð9Þ

The isobar ansatz parametrizes the P- and D-wave
contributions to the D0 → K0

Sπ
þπ− decay. In the nominal

Dalitz plot amplitude model, the following intermediate
quasi-two-body resonances are included: the Cabibbo-
favored K%ð892Þ−πþ, K%

2ð1430Þ−πþ, K%ð1680Þ−πþ,
K%ð1410Þ−πþ channels; the doubly Cabibbo-suppressed
K%ð892Þþπ−, K%

2ð1430Þþπ−, K%ð1410Þþπ− modes; and the
CP eigenstates K0

Sρð770Þ0, K0
Sωð782Þ, K0

Sf2ð1270Þ, and
K0

Sρð1450Þ0. To reduce the complexity of the Dalitz
plot amplitude analysis, masses and widths are fixed
to the world averages [45] for all resonances except for
the K%ð892Þ&, for which the parameters are free to vary
in the fit.
b. K-matrix formalism. The K-matrix formalism is

particularly suitable to describe the JPC ¼ 0þþ scalar
contributions to the complex S-wave dynamics occurring
in the πþπ− system of D0 → K0

Sπ
þπ− decays. It preserves

unitarity in the presence of overlapping resonances and
coupled channels [49]. The BABAR, Belle, and LHCb
experiments have employed the K-matrix approach in
Dalitz plot amplitude analyses of D0 → K0

Sπ
þπ− decays

to perform measurements ofD0-D̄0 oscillations [54,55] and
measurements of the Unitarity Triangle angle γ [56] in B
meson decays [57,58]. Following the previous measure-
ments, we apply the K-matrix formalism in the P-vector

approximation [59] to model the ππ S-wave contribution to
the D0 → K0

Sπ
þπ− decay.

In this parametrization, the decay amplitude F1 entering
in Eq. (3) as the contribution of the ππ S-wave is defined by
the relation

FiðsÞ ¼ ½I − iKðsÞρðsÞ(−1ij PjðsÞ; ð10Þ

where the indices i and j denote the particular channels
(1 ¼ ππ, 2 ¼ KK̄, 3 ¼ ππππ, 4 ¼ ηη, and 5 ¼ ηη0) con-
tributing to the scattering process. The production vector
PðsÞ, where s is the square of the invariant mass of the
πþπ− system, parametrizes the initial production of states
into the open channels, and the K-matrix describes the
scattering process. In this analysis, only the πþπ− final
states are considered. The term I is the identity matrix. The
phase space matrix ρ controls the threshold singularities
of the amplitude, and the matrix elements for the two-
body and multi-meson channels are defined in Ref. [60].
The K-matrix is defined as

KijðsÞ ¼
!
fscattij

1 − sscatt0

s − sscatt0

þ
X

α

gαi g
α
j

m2
α − s

"
fA0ðsÞ: ð11Þ

The parameters mα are the physical poles of the K-matrix,
while gαi are the coupling constants of the ith channel to the
pole α. The parameters fscattij and sscatt0 describe the smooth,
slowly varying part of the K-matrix. Units of GeV2=c4 are
implied for the number 1. The symbol fA0 is the so-called
“Adler zero” factor, defined as

fA0ðsÞ ¼
1 − sA0
s − sA0

!
s − sA

m2
π

2

"
: ð12Þ

The Adler zero factor suppresses the false kinematic
singularity at s ¼ 0 in the physical region close to the
πþπ− threshold [61].

FIG. 4. Dalitz plot data distributions for all three combinations of M2
K0

Sπ
− , M2

K0
Sπ

þ , and M2
πþπ− for D0 → K0

Sπ
þπ− from D%þ → D0πþs

decays reconstructed from Belle eþe− → cc̄ data. For illustration purposes, the approximate locations of various intermediate two-body
resonances are indicated by horizontal, vertical, and diagonal lines.
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112012-11the ρð770Þ0 and the ρð770Þ0–ωð782Þ interference region.
The addition of further parameters in the Dalitz plot fit
[e.g., the mass and the width of the ρð770Þ0, ωð782Þ, or
other resonances] does not significantly improve the fit
quality. We therefore fix these parameters to their world
averages [45] in our nominal model, in order to reduce the
complexity of the Dalitz plot fit.

The inclusion of a term constant in phase space to the
baseline model to account for possible additional direct
nonresonant three-body decays results in negligibly small
fit fractions for this component.
Instead of using the K-matrix and the LASS paramet-

rization to describe the πþπ− and Kπ S-waves, a model
based on a pure isobar approach has been considered. In the

FIG. 6. Projections of the Dalitz plot data distributions (points with error bars) for D0 → K0
Sπ

þπ− from D$þ → D0πþs decays
reconstructed from Belle eþe− → cc̄ data, and of the result of the fit (lines). The red solid lines show the projections of the total fit
function including background. The dotted and dashed colored lines show projections of the individual components of the D0 →
K0

Sπ
þπ− decay amplitude model. The blue, magenta, and green lines represent resonant and nonresonant contributions originating from

the M2
K0

Sπ
− , M2

K0
Sπ

þ , and M2
πþπ− systems, respectively. The left plots use a linear scale on the y-axis. The right plots show the same data

distributions and fit projections with a log-scale in order to increase the visibility of components with very low fit fractions, and other
details of the model. The components are computed from the squared amplitude of each intermediate resonant and nonresonant
contribution, scaled by its fit fraction. Several quantum mechanical phenomena can be observed: for example, the complex constructive
and destructive interference patterns, and the dynamic generation of the peak by the K-matrix formalism located close to the f0ð980Þ in
the M2

πþπ− spectrum.
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Approaching extreme precision 

D0 → K0
s π+π−

• Neutral kaon time evolution essential. 

• Multiple interfering processes including CF, DCS, kaon mixing (and  mixing 
at some point) give mixture of  at  

• Necessary a precise knowledge of the detector material. 

• “Coherent forward scattering” approximation  used for regeneration up to now.  
[Fortschritte der Physik 21, 57-84 (1973), R. H. Good at al. PhysRev.124 (1961)1223]

D0

K0/K0 t = 0.
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As an example, Fig. 2.10 illustrates this time-dependent asymmetry for neutral kaons,
incorporating both CPV and material contributions. This formalism is used to investigate
neutral kaons generated from charm hadron decays and reconstructed by the LHCb
detector. Therefore, typical values are selected for the kaon decay-time interval (t/ωK0

S
→

[0, 3]), momentum (p = 30 GeV/c), and material parameters. In previous analyses where

Figure 2.10: Prediction of AK0
S
(t), according to equation (2.86), on a wide time range (left)

and on a time scale typical of an experimental environment (right). The asymmetry has been
computed assuming a monochromatic distribution in momentum of the kaons (p = 30GeV/c)
and a homogeneous material with A = 27 and ω = 0.05 g/cm3. The material contribution has
been computed by setting !ε = 0 and the CP violation contribution by setting !ϑ = 0, while
the interference between the two has been estimated as the di”erence ATOT ↑ (AABS + ACPV ).

Figure 2.11: Neutral kaon asymmetry assuming di”erent materials and neutral kaon momenta,
on a wide time range (left) and on a time scale typical of an experimental environment (right).
In particular, we can see the e”ect of doubling A, ω and p with respect to the A = 27, ω =
0.05 g/cm3 and p = 30 GeV/c hypothesis (black plot). The parameter to which the asymmetry is
most sensitive is the material density, in agreement with the dependence !ϑ ↓ p0.386 ·ω ·A→0.242.

the neutral kaon asymmetry had to be determined, such as in Ref. [19], only the CF decays
were considered, leading to the results of Eq. 2.86. However, as explained in Sec. 2.7, in
the case of D

0 ↔ K
0

1
ε

+
ε

→ decays, doubly-Cabibbo suppressed (DCS) decays must also
be taken into account in the initial state of the neutral kaon

|ϑK(0)↗ ↓ A(D0 ↔ K
0
ε

+
ε

→)|K0↗ + A(D0 ↔ K
0
ε

+
ε

→)|K0↗
↘ Atot

CF |K0↗ + Atot
DCSe

iωDCS |K0↗
↘ Atot

CF

[
|K0↗ + rtote

iεtot+ωDCS |K0↗
]
,

(2.88)
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where ωDCS = →6.2 ↑ 10→4 is the weak phase in the SM. The amplitudes Atot
CF and Atot

DCS

and their ratio rtote
iωtot depend on the point of the Dalitz plot. In contrast, for the

CP -conjugate decay D
0 ↓ K

0

1
ε

+
ε

→ the initial state can be expressed as

|ϑK(0)↔ ↗ A(D0 ↓ K
0
ε

+
ε

→)|K0↔ + A(D0 ↓ K
0
ε

+
ε

→)|K0↔
= Atot

CF |K0↔ + Atot
DCSe

→iεDCS |K0↔
= Atot

CF

[
|K0↔ + rtote

iωtot→εDCS |K0↔
]
.

(2.89)

In this thesis, the DCS amplitudes are included for the first time in the estimation of the
neutral kaon asymmetry. Consequently, the presence of the weak phase, which changes
sign under charge conjugation, can no longer be neglected, since it leads to CPV in charm
decay and interference between charm decay and neutral kaon mixing. The magnitude of
this CPV is of the order of a few units in 10→4 and therefore comparable to the statistical
and systematic uncertainties of the AKK

CP measurement. These features are a novelty
introduced by the work described in this thesis and will be discussed in detail in Chap. 10.

The expression for the neutral kaon detection asymmetry depends on the initial
coe!cients of the |ϑK(0)↔ states in the |K0

S
↔ → |K0

L
↔ basis. These coe!cients can be

computed by performing the appropriate change of basis. For the decay of the D
0 meson,

the initial coe!cients for the neutral kaon state are given by

ϖ
D0

S (0) =

√
1 + |ϱ|2

2(1 + r
2
tot)

·
(

→ 1

1 → ϱ
+

rtote
iωtot+εDCS

1 + ϱ

)
, (2.90)

ϖ
D0

L (0) =

√
1 + |ϱ|2

2(1 + r
2
tot)

·
(

1

1 → ϱ
+

rtote
iωtot+εDCS

1 + ϱ

)
. (2.91)

while for the decay of the D
0 meson, they are

ϖ
D0

S (0) =

√
1 + |ϱ|2

2(1 + r
2
tot)

·
(

1

1 + ϱ
→

rtote
iωtot→εDCS

1 → ϱ

)
, (2.92)

ϖ
D0

L (0) =

√
1 + |ϱ|2

2(1 + r
2
tot)

·
(

1

1 + ϱ
+

rtote
iωtot→εDCS

1 → ϱ

)
. (2.93)

These initial state coe!cients can be used to estimate the neutral kaon asymmetry

AK0
1
(t) =

|ϖS(t) + ϱϖL(t)|2 → |ϖS(t) + ϱϖL(t)|2

|ϖS(t) + ϱϖL(t)|2 + |ϖS(t) + ϱϖL(t)|2
. (2.94)

This equation allows for the analytical prediction of the neutral kaon detection asymmetry
once a limited number of parameters are provided through the coe!cients ϖ

(±)

S (t) and

ϖ
(±)

L (t). These coe!cients incorporate the e”ects of material interactions, CPV in the
kaon system, and the interfering contributions from both CF and DCS charm decay
amplitudes.

33

Group Resonance Amplitude Phase (deg) Fit fraction (%)

CF

K
→(892)↑

ω
+ 1.720 ± 0.006 136.8 ± 0.2 59.9

K
→
2
(1430)↑

ω
+ 1.27 ± 0.02 →44.1 ± 0.8 1.3

K
→(1680)↑

ω
+ 3.31 ± 0.20 →118.2 ± 3.1 0.5

K
→(1410)↑

ω
+ 0.29 ± 0.03 99.4 ± 5.5 0.1

K
→
0
(1430)↑

ω
+ 2.36 ± 0.06 99.4 ± 1.7 7.0

DCS

K
→(892)+

ω
↑ 0.164 ± 0.003 →42.2 ± 0.9 0.6

K
→
2
(1430)+

ω
↑ 0.10 ± 0.01 →89.6 ± 7.6 < 0.1

K
→(1410)+

ω
↑ 0.21 ± 0.02 150.2 ± 5.3 < 0.1

K
→
0
(1430)+

ω
↑ 0.11 ± 0.01 162.3 ± 6.6 < 0.1

Neutrals

K
0

1
ε(770)0 1 (fixed) 0 (fixed) 20.4

K
0

1
ϑ(782) 0.0388 ± 0.0005 120.7 ± 0.7 0.5

K
0

1
f2(1270) 1.43 ± 0.03 →36.3 ± 1.1 0.8

K
0

1
ε(1450)0 2.85 ± 0.10 102.1 ± 1.9 0.6

S→wave

ϖ1 8.5 ± 0.5 68.5 ± 3.4

10.0

ϖ2 12.2 ± 0.3 24.0 ± 1.4
ϖ3 29.2 ± 1.6 →0.1 ± 2.5
ϖ4 10.8 ± 0.5 →51.9 ± 2.4
f

prod

11
8.0 ± 0.4 →126.0 ± 2.5

f
prod

12
26.3 ± 1.6 →152.3 ± 3.0

f
prod

13
33.0 ± 1.8 →93.2 ± 3.1

f
prod

14
26.2 ± 1.3 →121.4 ± 2.7

s
prod

0
→0.07 (fixed)

Table 10.1: Results for the amplitude magnitudes ar, phases ωr, and fit fractions determined in
Ref. [109]. The fit fractions are derived from the fitted parameters of the model.

In the model used to predict the kaon asymmetry, the knowledge of the material is essential
to compute !ϱ ↑ ε · A

↑0.242. In particular, the quantity to which the asymmetry is most
sensitive is the material density ε. A set of predictions is generated with the nominal
value of the density of the detector material. The material density of the VELO is known
with a relative uncertainty of 6%, while for the RICH this uncertainty is 2% as quoted
in Ref. [145]. To account for the possible variations in the density of the material, the
entire procedure is repeated by varying the density of the material of both the VELO and
the RICH with a correction !ε between -10% and 10% in steps of 2%. This approach is
conservative as it assumes that the uncertainties in each part of the VELO and the RICH
are fully correlated.

10.2.2 Minimum ϱ
2 fit

As explained in Chap. 8, after the kinematic weighting, in each decay-time bin the
di”erence of raw asymmetries is the di”erence of AKK

CP and the time-dependent asymmetry
Adet(K0

1
, t), see Eq. 8.2. An o”set left free to float is added to the asymmetry predictions

of Chap. 10. Since Adet(K0

1
, 0) = 0 to very high precision, this o”set is the estimator of
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 [PRD98(2018) 112012]

magnitude of this e!ect is approximated to be of order 10→4, derived from the product
of either x12 or y12 with sin ω

M
2

or sin ω
!

2
, again assuming all other factors to be near

unity. It is important to note that both the second and the final term experience further
attenuation upon integration of the cos ”f and sin ”f functions over the complete Dalitz
plot, where the strong phases ”f encompass the entire range of angles in [0, 2ε].

D0

π+π−

CF

K0

K0

mixing

D0

D0

π+π−

CF

K0

K0

CF

D0

D0

π+π−

CF

K0

K0

CF

mixing mixing

CPV in kaon mixing

CPV in charm mixing CPV in interference between  
charm mixing and kaon mixing

D0

D0

π+π−

CF

DCS

K0

K0

CF

DCS
mixing mixing

Total amplitude

mixing

Figure 2.8: Scheme for the amplitudes for the D0 → K0
1
ω+ω→ decay, including DCS amplitudes

and mixing for the D0 and K0
1

mesons. Top left: basic scheme with colours identifying all e!ects.
Top right and bottom: the blue path identifies the main contribution to the total amplitude,
while the red path identifies an interfering contribution.

As pointed out in Ref. [73], the presence of DCS decays leads to additional sources of
CPV . In Ref. [55] the DCS contribution to the D

0 → K
0

1
ε

+
ε

→ decay is disregarded in the
principal derivation of Eq. 2.69, while the corrections to this approximation are briefly
discussed in the appendix of Ref. [55]. The fundamental idea is that in Eq. 2.69 three
novel CPV terms, analogous to the existing ones, must be considered. These additional
terms carry a suppression factor that is proportional to the ratio of DCS to CF amplitudes,
denoted as rDCS ↑ 0.053. The new terms are depicted at the top right and at the bottom
of Fig. 2.9. Among these terms, the only one with a substantial magnitude exceeding
10→4 is the CPV in the interference between the D

0 decay and the K
0-K0 mixing, which

is elaborated upon in Sec 2.8. Finally, even in the absence of all mixing e!ects, a novel
CPV term emerges in the interference between DCS and CF decays, as depicted in the
upper left corner of Fig. 2.9. This term is further examined in Sec. 2.8. In conclusion, in
the context of the measurement of this thesis, the contribution of D

0-D0 mixing e!ects to
the CP asymmetry in the D

0 → K
0

1
ε

+
ε

→ decay can be neglected.
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An interesting opportunity

D0 → π+π−π0

• Pseudo two-body decay have similarities with . Interference of two-
body decays leading to a common three-body final state can be used to extract 
penguin amplitude phase .  
[Dery, Grossman, Schacht, Soffer JHEP05(2021)179 and references therein]. 

• Search for CPV based on a model-independent method (Energy Test) with LHCb 
Run 2 data consistent with CP conservation (p-value: 62%) [JHEP09(2023)129]. 

• Time- and phase-space-integrated CP asymmetry by the Belle II experiment 
from 2019 to 2022, 428 fb−1. Submitted to PRD [2510.21224]. 

• Time dependent CPV measured by LHCb [PRL 133 (2024)101803] with Run1+2 
data. The CP-even fraction measured using CLEO-c data is 

 providing almost undiluted sensitivity.

D0 → π+π−

arg(P/T)

Fπππ0

+ = 0.973 ± 0.017
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BaBar PRD93(2016) 112014

mðπþπ−π0Þ < 1.80 GeV or mðπþπ−π0Þ > 1.92 GeV, and
outside of the region 0.144 < Δm < 0.147 GeV, where
most of the broken-charm background events reside. The
weighted sum of the two sideband regions is used to
describe the combinatorial background in the signal region.
The sideband weights and their uncertainties are deter-
mined from full MC simulation. We model these events in t
similarly to the broken-charm category. The decay time is
described by the sum of two exponentials convolved with
Gaussians. As an ad hoc description of σt between 0 and
0.8 ps, the σt function for the combinatorial background is
an exponential convolved with a Gaussian, but we use
different values in six ranges of jtj.
The best-fit parameters are determined by an unbinned

maximum-likelihood fit. The central values for x and y were
blinded until the systematic uncertainties were estimated.

Because of the high statistics and the complexity of the
model, the fit is computationally intensive.Wehave therefore
developed an open-source framework calledGooFit [25] to
exploit the parallel processing power of graphical processing
units. Both the framework and the specific analysis code used
in this analysis are publicly available [26].

B. Fit results

The time-integrated Dalitz plot for the signal region data
is shown in Fig. 2(a). The amplitude parameters determined
by the fit described above are listed in Table I. Our
amplitude parameters and the associated fractions are
generally consistent with the previous BABAR results based
on a subset of our data [18]. The normalized difference
between the signal DP and the model is shown in Fig. 2(b).

FIG. 2. The (a) Dalitz plot and (b) difference between the Dalitz plot and fit model prediction normalized by the associated statistical
uncertainty in each bin, both time integrated for the data. Also shown underneath are the projections of (c) m2

πþπ0 , (d) m
2
π−π0 , and

(e) m2
πþπ− for our data (points) and fit model (blue solid lines), together with the fit residuals normalized by the associated statistical

uncertainties. The PDF components for signal (red dotted) and background (green dashed) events are shown. Note the narrow gap in
(e) due to the K0

S veto.
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[18], CDF [19], Belle [20], and LHCb [21–24]
Collaborations. Assuming universality of ΔY across all
decay modes, the current world average is ΔY ¼ ð0.9#
1.1Þ × 10−4 [12]. The LHCb Collaboration has also mea-
sured the parameter Δy ¼ −ΔY [17] in D0 → K0

Sπ
þπ−

decays [25,26].
Phase-space integrated analyses of multibody D0 decays

have diluted sensitivity to ΔY due to a mixture of CP-even
and CP-odd contributions from intermediate states. The
effective gradient of the time-dependent asymmetry is
given by [27]

ΔYeff
f ¼ ð2Ff

þ − 1ÞΔY; ð3Þ

where Ff
þ is the CP-even fraction of the decayD0 → f. For

the decay D0 → πþπ−π0, the CP-even fraction has been
measured using CLEO-c data to be Fπππ

þ ¼ 0.973# 0.017
[28], providing almost undiluted sensitivity.
The Cabibbo-favored decay D0 → K−πþπ0 is used to

validate the analysis procedure. Since the decay D̄0 →
K−πþπ0 is doubly Cabibbo suppressed, the final state
K−πþπ0 is almost flavor specific. Therefore, CP-violation
effects in mixing and in the interference of mixing and
decay are suppressed with respect to the signal channel.
The corresponding CP-violating parameter in this mode
ΔYKππ has been estimated from the most recent world
averages of the relevant parameters [12,13,15] to be
jΔYKππj < 2.5 × 10−5 at 90% confidence level.
Samples ofD0 → πþπ−π0 decays are reconstructed from

proton-proton (pp) collisions collected by the LHCb
experiment in 2012 and from 2015 to 2018, corresponding
to an integrated luminosity of 7.7 fb−1 at center-of-mass
energies of

ffiffiffi
s

p
¼ 8 and 13 TeV, respectively. Throughout

this Letter, the data sample collected in 2012 (2015–2018)
will be referred to as the Run 1 (2) sample. The flavor of the
D0 meson at production is inferred from the charge of the
pion produced in the precedingD&ð2010Þþ → D0πþ decay.
The D&ð2010Þþ meson and the pion originating from its
decay will be referred to as the D&þ meson and tag pion
throughout this Letter, respectively.
The LHCb detector [29,30] is a single-arm forward

spectrometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The detector elements that are particularly relevant to this
analysis are a silicon-strip vertex detector surrounding the
pp interaction region that allows a precise measurement of
the flight distance of D0 mesons, a tracking system that
provides a measurement of the momentum of the charged
particles, a set of ring-imaging Cherenkov detectors that
provide charged particle identification, and a calorimeter
system which identifies photons and provides a measure-
ment of their energy. The flight distance of theD0 meson is
defined as the distance between its measured decay vertex
and the primary pp interaction vertex (PV). Neutral pions

are reconstructed in their diphoton decay. If the energy
clusters produced by the two photons in the calorimeter
overlap, the candidate is labeled as merged; otherwise, the
candidate is labeled as resolved.
Online event selection is performed by a trigger con-

sisting of a hardware stage, using information from the
calorimeter and muon systems, followed by two software
stages. In this analysis, no explicit requirements are
imposed at the hardware level, since all hardware selections
are found to contribute to the sample [31]. At the first
software stage in the Run 1 running period, at least one of
the charged pions from the D0 meson decay must satisfy
criteria on its momentum, χ2IP and track quality. The
quantity χ2IP is defined as the difference in the vertex-fit
χ2 of a PV reconstructed with and without the given track or
particle under consideration. For the Run 2 sample, either
one of the pions from the D0 decay must satisfy a similar
set of criteria, or both of the tracks must satisfy a set of
looser criteria, and their combined vertex must satisfy
additional vertex-quality requirements. At the second
software stage, a full or partial reconstruction of the D&þ

decay is performed. In the full reconstruction, pairs of
oppositely charged pion candidates that form a good-
quality vertex are combined. A neutral pion candidate is
added to form a D0 candidate. Finally, the D0 candidate is
combined with a low-momentum charged pion candidate to
reconstruct a D&þ candidate. In the partial reconstruction,
the π0 candidate is not considered in the trigger. Additional
selection criteria are imposed based on momenta, track and
vertex quality, and displacement from the PV. For the Run 1
sample, only partially reconstructed candidates are consid-
ered with a cut-based selection. For the Run 2 sample, fully
reconstructed candidates must satisfy a cut-based selection,
while partially reconstructed candidates must fulfill a
requirement on the output of a bonsai-boosted decision
tree (BDT) classifier [32].
Off-line, additional requirements are imposed on kin-

ematic and particle-identification observables. Secondary
decays, where the D&þ meson is produced in the decay of a
b hadron rather than in the initial pp collision, are sup-
pressed by imposing tight requirements on the measured
flight distance of the D&þ candidate and the χ2IP of the D0

candidate. The mass of the pair of charged pions from the
D0 decay is required to be inconsistent with the known K0

S
mass [15] to suppress the background from D0 → K0

Sπ
0

decays. The background from D0 → K−πþπ0 decays,
where the K− meson is misidentified as a pion, is sup-
pressed by requiring D0 candidates to have a reconstructed
mass mðD0Þ close to the known value mPDGðD0Þ [15].
Candidates in the resolved category must satisfy
jmðD0Þ −mPDGðD0Þj < 60 MeV, and candidates in the
merged sample must satisfy −60 < mðD0Þ −mPDGðD0Þ <
120 MeV. Other potential sources of misidentified and
misreconstructed backgrounds are found to be negligible.
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The same requirements are applied to candidates in the
control channel, with the exceptions of the particle-iden-
tification requirements and the K0

S meson veto. The
kinematics of each decay chain are fitted [33] with the
constraints that the D!þ candidate must originate from a
PV, and the π0 candidate has its known mass [15]. The
combinatorial background is further suppressed by a set of
BDT classifiers trained on the data samples, separately for
the merged and resolved π0 categories and for the Run 1
and Run 2 samples. Overtraining effects are controlled by
training the classifiers on only around 25% (6%) of the data
in the Run 1 (2) sample for each π0 reconstruction category,
and monitoring the classifiers’ performances on equiva-
lently sized testing samples. The same BDT classifiers are
applied to the signal and control channels, with different
requirements on the output. The selections on the BDT
classifier outputs are optimized by maximizing the metric
N=σN , whereN is the number of signal decays, and σN is its
uncertainty obtained from a fit to the distribution of theD!þ

and D0 mass difference Δm≡mðD!þÞ −mðD0Þ. Finally,
when more than one candidate originates from a single
event in the final sample, only one is randomly selected.
Figure 1 shows the distributions of Δm for all selected
candidates in the signal channel, separately for the two π0

reconstruction categories. A sum of three Gaussian dis-
tributions is used to model the signal shape. The combi-
natorial background is modeled by the empirical
RooDstD0BG function from the RooFit software package
[34,35]. Signal yields of 2.3 (18) and 1.5 (20) million are
obtained in the signal (control) channel for the merged and
resolved categories, respectively.
The data are analyzed in subsamples split by data-taking

year, magnet polarity, and π0 reconstruction category. In
order to avoid experimenter bias, the results of the analysis
were not examined until the full procedure was finalized.
Each data sample is divided into 21—approximately

evenly populated—D0 decay-time bins in the range
½0.6; 8.0&τD0 . The decay time of each D0 candidate is

calculated as the product of the known D0 mass and its
measured flight distance, divided by its measured momen-
tum. The asymmetry in each bin is determined from a binned
maximum-likelihood fit to the Δm distributions of selected
D0 and D̄0 candidates. Determining the yields by fitting the
Δm distribution—rather than the mðD0Þ distribution—
removes background from real D0 candidates combined
with an erroneously tagged pion. The fits are performed
simultaneously toD0 and D̄0 candidates, with shared shape
parameters but separate yields for the signal and background
components. The measured asymmetry is defined as

Ameasðht=τD0iiÞ≡
Ni

D0 − Ni
D̄0

Ni
D0 þ Ni

D̄0

; ð4Þ

whereNi
D0 andNi

D̄0 are the signal yields ofD0 and D̄0 decays
in a given decay-time bin i, respectively. The mean decay
time in each bin ht=τD0ii is calculated as a weighted average
of the decay time of all candidates in that bin. The weights
are defined as the product of a background-subtraction
weight and a kinematic correction weight which will be
defined in the following paragraph. The gradient of the time-
dependent asymmetry is determined from a linear least-
squares fit to the measured asymmetries.
The raw asymmetries, defined as the unweighted asym-

metries between D0 and D̄0 yields, present in each data
sample do not correspond to the CP asymmetry in Eq. (1).
Rather, they include the production asymmetry of D!'

mesons in pp collisions, which potentially carries a
kinematic dependence [36], and some unknown nuisance
asymmetries induced by the detection, reconstruction,
and selection procedure. In particular, the LHCb magnet
deflects oppositely charged tag pions in opposite directions,
which induces some kinematic-dependent asymmetries,
since the detector is not perfectly symmetrical. Perio-
dically reversing the magnetic field polarity throughout
the data-taking only approximately cancels the effect. Such
kinematic asymmetries can introduce a time-dependent

FIG. 1. Distributions of Δm in the signal channel after all selection requirements for the (left) merged and (right) resolved π0

categories. The fit used to evaluate the signal yields is also shown.
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accurately reproduce any kinematic-dependent πþπ− or
K−πþ detection asymmetries [25]. Potential direct CP
asymmetries in the calibration modes do not induce
kinematic- or decay-time-dependent effects and are
therefore irrelevant in this procedure. The measured asym-
metry maps are then used as inputs for a set of pseudoex-
periments to determine the potential biases on ΔYeff

πππ
and ΔYKππ.
A systematic uncertainty on the effect of the decay-time

binning is conservatively assessed by performing the
analysis with different choices of the decay-time binning
scheme. The fraction of contamination from secondary
decays and their asymmetries are measured in each decay-
time bin by fitting the distribution of ln χ2IP for selected
candidates using templates from simulation and the Δm
sideband data as input. The measured fractions and
asymmetries are then used in a pseudoexperiment study
to determine the resulting systematic uncertainty. An
average secondary fraction at the percent level is observed,
depending on the data-taking period and π0 candidate
reconstruction category. The uncertainty arising from the
Δm fit model is assessed in a set of pseudoexperiments
using an alternative fit model to describe the signal and
background Δm distributions. The number of bins used in
the kinematic weighting is varied between a factor of 1=2
and 2, and the resulting standard deviation of measured
asymmetry gradients is taken as a systematic uncertainty. A
set of pseudoexperiments is carried out to determine the
dilution of the measured asymmetry due to the finite decay-
time resolution. The differences between the measured
gradients with and without correcting for this effect are
found to be negligible. Finally, the uncertainty on the
measured ΔYeff

πππ related to the externally measured D0

lifetime [15,16] is found to be negligible. No statistically
significant effects are observed when stability checks are
performed by applying a hardware-trigger requirement or
adopting different strategies for the kinematic weighting
and yield determination. Systematic uncertainties associ-
ated with the knowledge of the externally measured
CP-even fraction and the effect of a nonuniform phase-
space acceptance on its central value are found to be
negligible.

By performing a least-squares fit to the measured
asymmetry gradients in all subsets of the data, the final
resultΔYeff

πππ ¼ ð−1.2$ 6.0$ 2.3Þ × 10−4 is obtained. The
first uncertainty is statistical and the second is syste-
matic, here and in the following. No evidence for time-
dependent CP violation in this channel is found. This
corresponds, using the externally measured CP-even frac-
tion [28], to

ΔY ¼ ð−1.3$ 6.3$ 2.4Þ × 10−4:

This result is in excellent agreement with the current world
average [12]. In the control channel, the measurement
ΔYKππ ¼ ð−1.7$ 1.8$ 3.5Þ × 10−4 is obtained, which
validates the kinematic-weighting procedure designed to
account for nuisance asymmetries. Figure 3 shows the
measured asymmetry for all selected D0 → πþπ−π0 and
D0 → K−πþπ0 candidates as a function of the decay time,
along with a linear fit.
In summary, a measurement of time-dependent CP

violation in the decay D0 → πþπ−π0 is presented. No
evidence for CP violation is found. The precision of this
measurement is limited by the statistical uncertainty and the
result is in excellent agreement with the current world
average of the parameter ΔY. This represents the first
measurement of time-dependent CP violation in the singly
Cabibbo-suppressed decay D0 → πþπ−π0.
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periods. We find all results to be compatible with each
other and with the nominal result.

VII. RESULTS AND CONCLUSIONS

Using D→+-tagged D0
→ ω+ω↑ω0 decays recon-

structed in the Belle II dataset collected between 2019
and 2022, which corresponds to an integrated luminosity
of 428 fb↑1, we measure the time-integrated CP asymme-
try in D0

→ ω+ω↑ω0 decays to be

ACP = (0.29± 0.27± 0.13)% , (12)

where the first uncertainty is statistical and includes the
contribution from the D0

→ K↑ω+ control samples used
to correct experimentally-induced asymmetries, and the
second uncertainty is systematic. The result is consis-
tent with CP symmetry and with existing measurements
[9, 10]. The result is 34% more precise than the cur-
rent world’s best measurement from BABAR [9], despite
an increase of only about 10% in integrated luminosity.
The increase in precision per unit luminosity can be at-
tributed to the novel candidate selection and analysis
strategy employed.
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Figure 2. D0 → ω+ω→ω0 sample: distributions of the D0 candidate invariant mass (left) and !M (right) for cos εD
0

CM ↑
[↓0.208, 0), with fit functions overlaid. The middle plots of each panel show the pull (di”erence between data and fit result
divided by the data uncertainty). The bottom plots show the D0–D0 asymmetry of the data (black points) and of the total
PDF (blue line).

D0
→ K+ω→ decays preceded by D0–D0 mixing, are ne-

glected. They amount to ↑ 0.4% of the D0
→ K→ω+

yield and dilute the measured asymmetry, since they pro-
vide the incorrect flavor tag. A systematic uncertainty is
assigned for this in Section VI.

Figure 3. D0 → ω+ω→ω0 raw asymmetries from the fit in the
eight cos εD

0

CM bins. The error bars show statistical uncertain-
ties.

The D0
→ K→ω+ decay distribution is modeled by

the sum of a Johnson and a Gaussian distribution, with
one shared location parameter. Width parameters are
di!erent for the two flavors as for the tagged sample. The
background is modeled with a first-order polynomial.
Each cos εD

0

CM bin is fitted independently. Figure 5
shows the M distribution, for one cos εD

0

CM bin, with fit
projections overlaid. The D0

→ K→ω+ yield integrated
over all cos εD

0

CM bins is (3232± 4)↓ 103.
Figure 6 shows the tag pion reconstruction asymmetry

computed using Equation 5. As the tagged decays are
a subset of the untagged decays, we take into account
the correlation between the two control samples when
computing the uncertainty on A

ωtag
ε .

D. ACP (D
0 → ω+ω→ω0) determination

Figure 7 shows the A
i
CP determinations in the four

cos εD
0

CM bin pairs, computed using Equation 6. Averag-
ing these measurements, we obtain

ACP (D
0
→ ω+ω→ω0) = (0.29± 0.27)% , (11)

where the uncertainty is statistical and includes the un-
certainty from A

ωtag
ε (0.12%).
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Figure 6 shows the tag pion reconstruction asymmetry

computed using Equation 5. As the tagged decays are
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computing the uncertainty on A
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CP determinations in the four
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CM bin pairs, computed using Equation 6. Averag-
ing these measurements, we obtain
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We measure the time-integrated CP asymmetry, ACP, in D0 → π0π0 decays reconstructed in eþe− → cc̄
events collected by Belle II during 2019–2022. The data corresponds to an integrated luminosity of
428 fb−1. The D0 decays are required to originate from the flavor-conserving D"þ → D0πþ decay to
determine the charm flavor at production time. Control samples of D0 → K−πþ decays, with or without an
associated pion from a D"þ decay, are used to correct for detection asymmetries. The result,
ACPðD0 → π0π0Þ ¼ ð0.30& 0.72& 0.20Þ%, where the first uncertainty is statistical and the second
systematic, is consistent with CP symmetry.
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I. INTRODUCTION

Searches for charge-parity (CP) violation in charm
decays offer the opportunity to probe for physics beyond
the standard model. Since, to a good approximation, the
third generation of quarks can be ignored when describing
charm transitions, CP -violation effects are expected to be
tiny, with standard-model asymmetries typically ranging
from 10−3 to 10−4 [1–5]. New dynamics may alter the
expected decay or, for neutral mesons, flavor-mixing rates
and introduce larger CP -violation effects. After decades
of experimental efforts, CP violation in charm transitions
has been observed only as the difference between the
time-integrated CP asymmetries of D0 → KþK− and
D0 → πþπ− decays [6], with strong evidence that CP
violation occurs mainly in the direct decay D0 → πþπ−

[7]. (Throughout this paper, charge-conjugate modes are
implied unless stated otherwise.) These results can be
interpreted either as a sign of new dynamics or as an
enhancement of the subleading amplitude mediated by
nonperturbative QCD [8–18]. Moreover, they indicate a
larger than expected breaking of the U-spin symmetry,
which requires the CP asymmetries of the direct D0 →
KþK− and D0 → πþπ− decays to have equal magnitudes
and opposite signs: jAdir

CPðD0 → KþK−Þj ¼ −jAdir
CPðD0 →

πþπ−Þj [19].
Precise measurements of CP asymmetries in the isospin-

related Dþ → πþπ0 and D0 → π0π0 modes can help to
clarify the picture [20,21]. In the standard model, direct CP
violation in Cabibbo-suppressed charm decays is generated
by the interference of a leading tree-level amplitude and a
suppressed ΔI ¼ 1=2 QCD-penguin amplitude, which
changes isospin by half a unit. The πþπ0 final state has
isospin I ¼ 2 and cannot be reached from the I ¼ 1=2
initial state via a ΔI ¼ 1=2 transition. Hence, in the
standard model, Adir

CPðDþ → πþπ0Þ ¼ 0. On the contrary,
the π0π0 and πþπ− final states can have I ¼ 0 or I ¼ 2 and

hence can have nonzero direct CP asymmetries in the
standard model. As an example, recent experimental results
imply that Adir

CPðD0 → π0π0Þ may be as large as 1% [22].
The following sum-rule helps determine the source of CP
violation [20,23]

R ¼ Adir
CPðD0 → πþπ−Þ

1þ τD0

Bþ−

!
B00

τD0
− 2

3
Bþ0

τDþ

"þ Adir
CPðD0 → π0π0Þ

1þ τD0

B00

!
Bþ−
τD0

− 2
3
Bþ0

τDþ

"

þ Adir
CPðDþ → πþπ0Þ

1 − 3
2

τDþ
Bþ0

!
B00

τD0
þ Bþ−

τD0

" ; ð1Þ

where τD0 and τDþ are the lifetimes of D0 and Dþ mesons,
and, Bþ−, B00, and Bþ0 are the D meson branching
fractions to πþπ−, π0π0 and πþπ0 decays. If R is measured
to be nonzero, then CP violation arises from the ΔI ¼ 1=2
amplitude. If R is zero, and at least one of the direct CP
asymmetries is nonzero, then CP violation arises from a
beyond-standard-model ΔI ¼ 3=2 amplitude. The value is
measured to be R ¼ ð0.9& 3.1Þ × 10−3, where the uncer-
tainty is dominated by the asymmetry of the π0π0 final
state [23]. The most precise measurement of the
time-integrated CP asymmetry in D0 → π0π0 available
to date comes from the Belle collaboration, ð−0.03&
0.64& 0.10Þ% [24], where the first uncertainty is statistical
and the second systematic. (Indirect CP violation induced
by D0-D̄0 mixing is precisely measured in other channels
[25] and subtracted from the time-integrated asymmetry
when computing R [4,26].) Belle II is the only existing
experiment capable of improving this measurement and the
determination of the sum rule.
In this paper, we report a measurement of the time-

integrated CP asymmetry in D0 → π0π0 decays,

ACPðD0→π0π0Þ¼ ΓðD0→π0π0Þ−ΓðD̄0→π0π0Þ
ΓðD0→π0π0ÞþΓðD̄0→π0π0Þ

ð2Þ

where Γ is the decay-time integrated rate, which includes
effects due to D0-D̄0 mixing. The measurement uses
eþe− → cc̄ data collected by Belle II between 2019 and
2022, which correspond to an integrated luminosity of
428 fb−1. To determine the production flavor of the neutral
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the standard model. Since, to a good approximation, the
third generation of quarks can be ignored when describing
charm transitions, CP -violation effects are expected to be
tiny, with standard-model asymmetries typically ranging
from 10−3 to 10−4 [1–5]. New dynamics may alter the
expected decay or, for neutral mesons, flavor-mixing rates
and introduce larger CP -violation effects. After decades
of experimental efforts, CP violation in charm transitions
has been observed only as the difference between the
time-integrated CP asymmetries of D0 → KþK− and
D0 → πþπ− decays [6], with strong evidence that CP
violation occurs mainly in the direct decay D0 → πþπ−

[7]. (Throughout this paper, charge-conjugate modes are
implied unless stated otherwise.) These results can be
interpreted either as a sign of new dynamics or as an
enhancement of the subleading amplitude mediated by
nonperturbative QCD [8–18]. Moreover, they indicate a
larger than expected breaking of the U-spin symmetry,
which requires the CP asymmetries of the direct D0 →
KþK− and D0 → πþπ− decays to have equal magnitudes
and opposite signs: jAdir

CPðD0 → KþK−Þj ¼ −jAdir
CPðD0 →

πþπ−Þj [19].
Precise measurements of CP asymmetries in the isospin-

related Dþ → πþπ0 and D0 → π0π0 modes can help to
clarify the picture [20,21]. In the standard model, direct CP
violation in Cabibbo-suppressed charm decays is generated
by the interference of a leading tree-level amplitude and a
suppressed ΔI ¼ 1=2 QCD-penguin amplitude, which
changes isospin by half a unit. The πþπ0 final state has
isospin I ¼ 2 and cannot be reached from the I ¼ 1=2
initial state via a ΔI ¼ 1=2 transition. Hence, in the
standard model, Adir

CPðDþ → πþπ0Þ ¼ 0. On the contrary,
the π0π0 and πþπ− final states can have I ¼ 0 or I ¼ 2 and

hence can have nonzero direct CP asymmetries in the
standard model. As an example, recent experimental results
imply that Adir

CPðD0 → π0π0Þ may be as large as 1% [22].
The following sum-rule helps determine the source of CP
violation [20,23]

R ¼ Adir
CPðD0 → πþπ−Þ

1þ τD0

Bþ−

!
B00

τD0
− 2

3
Bþ0

τDþ

"þ Adir
CPðD0 → π0π0Þ

1þ τD0

B00

!
Bþ−
τD0

− 2
3
Bþ0

τDþ

"

þ Adir
CPðDþ → πþπ0Þ

1 − 3
2

τDþ
Bþ0

!
B00

τD0
þ Bþ−

τD0

" ; ð1Þ

where τD0 and τDþ are the lifetimes of D0 and Dþ mesons,
and, Bþ−, B00, and Bþ0 are the D meson branching
fractions to πþπ−, π0π0 and πþπ0 decays. If R is measured
to be nonzero, then CP violation arises from the ΔI ¼ 1=2
amplitude. If R is zero, and at least one of the direct CP
asymmetries is nonzero, then CP violation arises from a
beyond-standard-model ΔI ¼ 3=2 amplitude. The value is
measured to be R ¼ ð0.9& 3.1Þ × 10−3, where the uncer-
tainty is dominated by the asymmetry of the π0π0 final
state [23]. The most precise measurement of the
time-integrated CP asymmetry in D0 → π0π0 available
to date comes from the Belle collaboration, ð−0.03&
0.64& 0.10Þ% [24], where the first uncertainty is statistical
and the second systematic. (Indirect CP violation induced
by D0-D̄0 mixing is precisely measured in other channels
[25] and subtracted from the time-integrated asymmetry
when computing R [4,26].) Belle II is the only existing
experiment capable of improving this measurement and the
determination of the sum rule.
In this paper, we report a measurement of the time-

integrated CP asymmetry in D0 → π0π0 decays,

ACPðD0→π0π0Þ¼ ΓðD0→π0π0Þ−ΓðD̄0→π0π0Þ
ΓðD0→π0π0ÞþΓðD̄0→π0π0Þ

ð2Þ

where Γ is the decay-time integrated rate, which includes
effects due to D0-D̄0 mixing. The measurement uses
eþe− → cc̄ data collected by Belle II between 2019 and
2022, which correspond to an integrated luminosity of
428 fb−1. To determine the production flavor of the neutral
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that are determined independently for D0 and D̄0 decays
to account for flavor-dependent mass biases and resolu-
tions. The background component is modeled as
ðΔm −mπþÞβe−λðΔm−mπþÞ. The relative fractions of the
components, their asymmetries and all shape parameters
are floated in the fit (for a total of 14 floating parameters).
Figure 3 shows the results of the fits to the data. The
measured yields of D$þ → D0ð→ K−πþÞπþ decays in
the forward and backward bins are 796000% 1200 and
633700% 1200, respectively. The corresponding asymme-
tries, ð−0.86% 0.13Þ% and ð5.83% 0.13Þ%, are averaged
to obtain

A0Kπ ¼ ð2.49% 0.09Þ%; ð12Þ

where the uncertainties are statistical only.
For untagged decays, we fit to themðK−πþÞ distribution,

again considering only two components. The untagged
D0 → K−πþ decays are modeled using the sum of a
Johnson SU and a Gaussian function, with common mean
and flavor-dependent width parameters. A straight line is
used to model themðK−πþÞ distribution of the background
with a flavor-dependent coefficient. Also in this case, all
parameters are determined from the fit. The results of the fit
are shown in Fig. 4. We measure 4294700% 5600 and

FIG. 2. Distributions of mðπ0π0Þ (top) and Δm (bottom) for D0 → π0π0 candidates with cos θcmsðD$þÞ < 0 (left) and
cos θcmsðD$þÞ > 0 (right), with fit projections overlaid. The middle panel of each plot shows the distribution of the difference
between observed and fit values divided by the uncertainty (pull), the bottom panel shows the asymmetry betweenD0 and D̄0 candidates
with the fit projection overlaid.
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The raw asymmetries are determined from unbinned
maximum-likelihood fits to the mðπþπ0Þ and mðπþK0

SÞ
distributions of the selected Dþ → πþπ0 and Dþ → πþK0

S
candidates, split according to the D meson charge. For
Dþ → πþπ0 candidates, the fit considers three components:
signal decays, physics background from misreconstructed
charm decays, and combinatorial background. The signal
probability density function (PDF) is modeled by the
convolution of a Johnson’s SU distribution [62] and a
Gaussian distribution. The parameters of the Johnson’s
SU distribution are fixed to values obtained from simulation.
The parameters of the Gaussian distribution are floated to
account for possible data-simulation differences in peak
position and resolution. The physics background is mainly
composed of D0 → πþπ−π0 decays, where one of the
charged pions is not reconstructed; Dþ → πþπ0π0 decays
with a missing neutral pion; semileptonic decays such as
Dþ → π0μþν, where the muon is misidentified as a pion
and the neutrino is not reconstructed; and Dþ → K0

Sð→
π0π0Þπþ decays, where one neutral pion from the K0

S decay
is not reconstructed. The physics background populates the
mðπþπ0Þ region below 1.8 GeV=c2 and is modeled using a
Gaussian function in the null-tag sample and two Gaussian
functions in the tagged sample. The combinatorial back-
ground arises from accidental combinations of charged and
neutral pion candidates. It has a smoothly falling distribu-
tion in mðπþπ0Þ, which is modeled using the sum of
an exponential PDF and a uniform distribution. All back-
ground parameters are floated in the fit. The other fit

parameters are the yields and asymmetries of each compo-
nent. The same models are used forDþ andD− decays. The
mðπþπ0Þ distributions of the Dþ → πþπ0 candidates are
shown in Fig. 1, with fit projections overlaid. The fit
describes the data fairly well. The signal yields are
determined to be 5130$ 110 and 18510$ 240 in the
tagged and null-tag samples, respectively. The raw asym-
metries are ð−2.9$ 1.8Þ% and ð−0.4$ 1.0Þ%, respec-
tively. The uncertainties are statistical only.
The fit to the mðπþK0

SÞ distributions of the control
sample considers the Dþ → πþK0

S component, modeled as
a Johnson’s SU distribution convolved with a Gaussian
function, and a background component, modeled by an
exponential distribution. The width and the mean of the
Johnson’s SU distribution are allowed to differ betweenDþ

and D− candidates, to account for small differences in
momentum scale and resolution of positively and nega-
tively charged particles. (Differences in Dþ and D− shapes
are diluted in the signal mode because the mass scale and
resolution are dominated by the energy scale and resolution
of the neutral pion.) All parameters are floated in the fit.
The fit describes the data well, as shown in Fig. 2. The
Dþ → πþK0

S yields are determined to be 39630$ 300 and
123560$ 500 in the tagged and null-tag samples, respec-
tively. The raw asymmetries are ð0.54$ 0.53Þ% and
ð0.33$ 0.30Þ%, respectively. The uncertainties are statis-
tical only.
The AK̄0

contributions to the Dþ → πþK0
S raw asymme-

tries are computed following Ref. [63]. The computation
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FIG. 1. Distributions of mðπþπ0Þ for (left) tagged and (right) null-tag Dþ → πþπ0 candidates, with fit projections overlaid. The
bottom panels show the asymmetry as a function of mass, with fit projections overlaid.
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zero and statistically insignificant shifts are observed in the
measured raw asymmetries.
The subtraction of raw asymmetries between signal and

control decays precisely cancels the contributions from
production and detection asymmetries only if signal and
control decays have similar kinematic distributions. In
particular, the Dþ polar angle distributions in the c.m.
system must agree between the signal and control modes to
cancel the production asymmetry; and the kinematic dis-
tributions of the charged pion must agree to cancel the
charged-pion detection asymmetry. The control samples are
weighted to correct for observed small differences in these
kinematic distributions. The weighting reduces the effective
sizes of the tagged and null-tag Dþ → πþK0

S samples by
1.2% and 2.0%, respectively. The weighted control-sample
data are then fit and the absolute shifts in the measured
values of AπþK0

S , 0.096% in the tagged sample and 0.053%
in the null-tag sample, are assigned as systematic
uncertainties.
The uncertainties in AK̄0

, 0.007% for both samples, are
assigned as systematic uncertainties in ACPðDþ → πþπ0Þ.
The total systematic uncertainties, 0.196% for the tagged
sample and 0.084% for the null-tag sample, are the sums in
quadrature of the individual components.
In conclusion, we measure the CP asymmetry in Dþ →

πþπ0 decays using a sample of eþe− → cc̄ data collected
by Belle II, which has an integrated luminosity of 428 fb−1.
The sample is split according to whether the Dþ meson
arises from a reconstructedD$þ → Dþπ0 decay or not. The
CP asymmetries in the two samples are measured to be
ð−3.9% 1.8% 0.2Þ% and ð−1.1% 1.0% 0.1Þ%, respec-
tively, where the first uncertainties are statistical and the
second systematic. They agree with each other and are
combined to obtain

ACPðDþ → πþπ0Þ ¼ ð−1.8% 0.9% 0.1Þ%: ð6Þ

In the combination, we assumed uncorrelated systematic
uncertainties due to the fit models and fully correlated
uncertainties due to the kinematic weighting and neutral
kaon asymmetry. The result agrees with CP symmetry and
with previous measurements [36–38]. The 30% improved
precision compared to Belle’s result, based on twice as
much integrated luminosity [37], is due to the substantially
better sample purity achieved through an improved event
selection, which exploits Belle II’s superior performance in
the reconstruction of neutral pions and displaced charged
particles. The result is the most precise measurement to date.
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Search for CP violation in D+
(s) → h+π0 and

D+
(s) → h+η decays
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Abstract: Searches for CP violation in the two-body decaysD+
(s) → h+π0 andD+

(s) → h+η

(where h+ denotes a π+ or K+ meson) are performed using pp collision data collected by
the LHCb experiment corresponding to either 9 fb−1 or 6 fb−1 of integrated luminosity.
The π0 and η mesons are reconstructed using the e+e−γ final state, which can proceed
as three-body decays π0 → e+e−γ and η → e+e−γ, or via the two-body decays π0 → γγ

and η → γγ followed by a photon conversion. The measurements are made relative to the
control modes D+

(s) → K0
Sh

+ to cancel the production and detection asymmetries. The CP

asymmetries are measured to be

ACP (D+ → π+π0) = (−1.3± 0.9± 0.6)%,

ACP (D+ → K+π0) = (−3.2± 4.7± 2.1)%,

ACP (D+ → π+η) = (−0.2± 0.8± 0.4)%,

ACP (D+ → K+η) = (−6 ± 10 ± 4 )%,

ACP (D+
s → K+π0) = (−0.8± 3.9± 1.2)%,

ACP (D+
s → π+η) = ( 0.8± 0.7± 0.5)%,

ACP (D+
s → K+η) = ( 0.9± 3.7± 1.1)%,

where the first uncertainties are statistical and the second systematic. These results are
consistent with no CP violation and mostly constitute the most precise measurements of
ACP in these decay modes to date.
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Figure 2. Distribution of the (left)m(h+π0) and (right)m(e+e−γ)mass for (top)D+
(s) → π+π0 and

(bottom) D+
(s) → K+π0 candidates, summed over all categories of the simultaneous fit. Projections

of the total fit result and individual fit components are overlaid. This includes D+ → h+π0 decays
in dashed red, D+

s → h+π0 decays in solid grey, pure combinatorial decays in dashed black and
real-π0 combinatorial background in dotted green. The misidentification background is too small
to be seen in these distributions.

4 Signal modes and fit model

The raw asymmetries of the signal modes are measured using two-dimensional extended
simultaneous unbinned maximum-likelihood fits to the invariant mass m(e+e−γ) and
the invariant mass difference m(h+h0) ≡ m(h+e+e−γ) − m(e+e−γ) + M(h0)PDG, where
M(h0)PDG corresponds to the known π0 and η masses [11]. The quantity m(h+h0) is
constructed to reduce the correlations between the two dimensions, and is referred to
as the D+

(s) candidate mass henceforth. The m(h+h0) and m(e+e−γ) mass distributions
are shown for D+

(s) → h+π0 and D+
(s) → h+η candidates in figures 2 and 3. The fits

are performed for D+
(s) → h+π0 candidates in the ranges 1750 < m(h+h0) < 2100MeV/c2

and 90 < m(e+e−γ) < 180MeV/c2, and for D+
(s) → h+η candidates in the ranges

1775 < m(h+h0) < 2100MeV/c2 and 470 < m(e+e−γ) < 640MeV/c2.
The fits are performed simultaneously on candidates in categories that depend on the

running period, the presence of bremsstrahlung photons, charged-hadron type (pion or
kaon) and the candidate charge. All D+

(s) → h+η candidates were collected during Run 2.
The D+

(s)→ h+π0 candidates are split into three running period categories, 2011, 2012 and

– 6 –
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28.7K

π0 → e+e−γ

5.1K
18.5K

[only at B-factories]

, precision of the sum 
rule improved by approximately 20% with 
latest measurement of . Still 
limited by the precision on it.

R = (1.5 ± 2.5) × 10−3

ACP(D0 → π0π0)

Note that for isospin symmetry  
 in SM.Adir

CP(D+ → π+π0) = 0
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Putting it all together [LHCb-CONF-2025-003]
CKM angle  and charm mixingγ
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Figure 1: One-dimensional profile-likelihood scans of the 1 → CL distribution for the CKM angle
ω. In each plot, the total combination, which includes all beauty and charm modes, is shown
in dark blue with a solid line. Relevant external inputs from Table 2 are also included in the
displayed subsets of the total combination. Left: inputs split by contributions from B0

s (light
blue, dotted), B0 (dark orange, dot-dashed), and B+ mesons (red, dashed). Right: inputs split
by contributions from time-dependent (light blue, dotted) and time-integrated (dark orange,
dot-dashed) measurements.
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Figure 2: Two-dimensional profile-likelihood contours for (left) the charm-mixing parameters
x and y, and (right) the |q/p| and ε parameters. The origin of the right-hand plot, which
corresponds to CP conservation in neutral charm-meson mixing, is shown for reference. The
red dashed contours correspond to the combination in Ref. [16], and the blue solid contours
show the result of this combination. Contours are displayed at the 1ϑ and 2ϑ confidence levels,
encompassing 68.3% and 95.4% of the distribution, respectively.
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Table 2: Auxiliary inputs used in the combination. Those highlighted in bold are new or have
changed since the previous combination [16]. In the sixth line, the same notation as Ref. [62] is
adopted, which uses AKω to refer to the di!erence in the D → K+ω→ decay rate decaying against
CP -even and CP -odd decays, not to be confused with the CP asymmetry in the D0

→ K+ω→

decay.

Decay Parameters Source Ref. Status since

Ref. [16]

B±
→ DK↑± ωDK→±

B± LHCb [63] As before

B0
→ DK↑0 ωDK→0

B0 LHCb [64] As before

B0
→ D↓ε± ϑ HFLAV [14] As before

B0
s → D↓

s K±(εε) ϖs LHCb [65] As before

D → K+ε→ cos ϱKω
D , sin ϱKω

D , (rKω
D )2, x2, y CLEO-c [66] As before

D → K+ε→ AKω, Aωωω0

Kω , rKω
D cos ϱKω

D , rKω
D sin ϱKω

D BESIII [62, 67, 68] Updated

D → h+h→ε0 F+
ωωω0 , F+

KKω0 CLEO-c [69] As before

D → h+h→ε0 F+
ωωω0 , F+

KKω0 BESIII [70] New

D → ε+ε→ε+ε→ F+
4ω CLEO-c+BESIII [69, 71] As before

D → K+K→ε+ε→ F+
KKωω BESIII [72] As before

D → K+ε→ε0 rKωω0

D , ϱKωω0
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D CLEO-c+LHCb+BESIII [25, 26] As before
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Table 3: Best-fit values and 68.3% CL uncertainties for the parameters of interest relevant to
the updated results.

Parameter Value

ς [↔] 62.8 ± 2.6
rDK±

B± [%] 9.72+0.19
→0.18

ϱDK±

B± [↔] 123.3+2.8
→3.0

rDω±

B± [%] 0.49+0.06
→0.05

ϱDω±

B± [↔] 282.9+9.8
→10.4

x [%] 0.391 ± 0.042
y [%] 0.625 ± 0.020
rKω
D [%] 5.857 ± 0.009

ϱKω
D [↔] 192.7 ± 2.3

|q/p| 0.990+0.011
→0.012

ϖ [↔] ↑1.2 ± 0.9

on previous simulation studies [16] (Plugin). All uncertainty rescaling e!ects increase the83

uncertainties by O (10%) or less. The correlation matrix for this subset of parameters is84

given in Appendix A, while the contribution of each input measurement to the φ2 value is85

given in Appendix B. The values for all parameters reported in Ref. [16], but not reported86

here, remain largely una!ected.87
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Figure 3: Profile-likelihood contours for (left) ω and (right) the charm-mixing parameters x and
y. The red dashed contours correspond to the combination of only the beauty (charm) inputs
from Ref. [16] in the left (right) plot, the green dotted contours correspond to the combination of
only the beauty (charm) inputs from Table 1, and the blue solid contours show the total result
of this combination. Relevant external inputs from Table 2 are also included in the displayed
subsets of the total combination. Contours are displayed at the 1ε and 2ε confidence levels,
encompassing 68.3% and 95.4% of the distribution, respectively.
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1 Introduction1

Precise measurements of the Cabibbo–Kobayashi–Maskawa (CKM) unitarity triangle2

provide a strict test of the Standard Model (SM) and allow for indirect searches for physics3

beyond the SM (BSM) in the quark sector up to very high mass scales. The CP -violating4

phase ω → arg(↑VudV
→
ub/VcdV

→
cb), where Vqq→ is the CKM matrix element for the quarks5

q and q↑, is the only angle of the unitarity triangle that can be determined using solely6

measurements of tree-level B-meson decays [1–8]. Assuming no BSM physics at tree7

level [9], the theoretical uncertainties are negligible in such direct measurements [10].8

Overconstraining the CKM unitarity triangle is a key physics goal of the LHCb experiment9

as it provides a sensitive probe for BSM physics [11, 12]. One way of using the unitarity10

triangle to search for physics beyond the Standard Model is the comparison of direct11

and indirect determinations of the CKM angle ω. Furthermore, comparisons between12

the values of ω determined by time-independent measurements of B-meson decays and13

time-dependent measurements with constraints on phases contributing to CP violation in14

mixing provide a search for BSM physics [13].15

The world averages for direct measurements of ω are (66.4+2.7
↓2.8)

↔, based on a frequentist16

framework from the Heavy Flavour Averaging Group [14], and (65.7 ± 2.5)↔, based on17

a Bayesian framework by the UTFit collaboration [15]. Both averages are dominated18

by LHCb results [16]. The experimental uncertainty on ω is larger than the indirect19

determination obtained from global CKM fits, ω = (66.3+0.7
↓1.9)

↔ using a frequentist framework20

from the CKMfitter collaboration [17], and ω = (64.9 ± 1.4)↔ with a Bayesian approach21

from the UTfit collaboration [18].22

A new combination of measurements of the angle ω, D0–D0 mixing and CP violation in23

charm decays is presented in this note, which supersedes the combinations in Refs. [16,19].24

It includes three new measurements published by the LHCb collaboration in 2025 [20–22].25

Given the small number of new inputs to the combination, only the parameters of greatest26

interest a!ected by the updated inputs are reported; results for parameters not reported27

here can be found in Ref. [16]. The definitions of the parameters can be found in Ref. [19]28

and are omitted here for brevity.29

2 Method30

The statistical procedure largely follows that described in Ref. [16], and employs a31

frequentist treatment described in detail in Ref. [23]. The formalism, motivation and32

implementation of this update follow those described in Ref. [19]. However, a two-step33

procedure is adopted to allow for complementarity between beauty and charm measure-34

ments of D0
↓K±ε↗ε+ε↓decays in di!ering regions of the D0

↓K±ε↗ε+ε↓decay phase35

space [22, 24] due to the complicated likelihood of the hadronic-parameter space in these36

decays [25]. All inputs excluding those relevant to constraining the hadronic parameters37

of phase-space-dependent D0
↓K±ε↗ε+ε↓decays are combined in the profile-likelihood38

Prob framework described in Ref. [19], and the outputs are then employed in a ded-39

icated combiner for D0
↓K±ε↗ε+ε↓decays which includes external constraints from40

Refs. [25, 26].41

1

New inputs since  LHCb-CONF-2024-004:

[1∘ ≈ 1.7 × 10−2 rad]

LHCb:   [2509.1539] 
LHCb:  [2514.04963] 
LHCb:  Doble Tag [JHEP03(2025)149] 
BESIII:  [PRD112(2025)072006] 
BESIII:  [PRD111(2025)012007]

B± → D( → h+h−π+π−)h±

D0 → Kπππ
D → K∓π±

D → K−π+

D → h+h−π0
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Putting it all together [LHCb-CONF-2025-003]
CKM angle  and charm mixingγ
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Table 2: Auxiliary inputs used in the combination. Those highlighted in bold are new or have
changed since the previous combination [16]. In the sixth line, the same notation as Ref. [62] is
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|q/p| 0.990+0.011
→0.012

ϖ [↔] ↑1.2 ± 0.9

on previous simulation studies [16] (Plugin). All uncertainty rescaling e!ects increase the83

uncertainties by O (10%) or less. The correlation matrix for this subset of parameters is84

given in Appendix A, while the contribution of each input measurement to the φ2 value is85

given in Appendix B. The values for all parameters reported in Ref. [16], but not reported86
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4

50 55 60 65 70 75

� [�]

0.2

0.4

0.6

0.8

1.0

1�
C

L

68.3%

95.4%

2024 LHCb Beauty + DD

2025 LHCb Beauty + DD
2025 All Modes

0.2 0.3 0.4 0.5 0.6

x [%]

0.55

0.60

0.65

0.70

0.75

0.80

y
[%

]

2024 LHCb Charm + DD
2025 LHCb Charm + DD
2025 All Modes

Figure 3: Profile-likelihood contours for (left) ω and (right) the charm-mixing parameters x and
y. The red dashed contours correspond to the combination of only the beauty (charm) inputs
from Ref. [16] in the left (right) plot, the green dotted contours correspond to the combination of
only the beauty (charm) inputs from Table 1, and the blue solid contours show the total result
of this combination. Relevant external inputs from Table 2 are also included in the displayed
subsets of the total combination. Contours are displayed at the 1ε and 2ε confidence levels,
encompassing 68.3% and 95.4% of the distribution, respectively.
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2 Method30
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Figure 5: Profile-likelihood contours for the charm-mixing and CP -violation parameters, showing
the breakdown of sensitivity amongst di!erent decay modes. Relevant external inputs from
Table 2 are also included in the displayed subsets of the total combination. Contours are
displayed at the 1ω and 2ω confidence levels, encompassing 68.3% and 95.4% of the distribution,
respectively. In the right plot, the red contours corresponding to the fit using all charm inputs
are hidden below the blue ones that also include beauty inputs, which do not significantly
improve the precision. The following parameters are fixed to their best-fit values: rKω

D , εKω
D ,

|q/p| and ϑ for the D0
→ h+h→ subcombination in the left plot; x and y for all subcombinations,

and additionally rKω
D and εKω

D for the D0
→ h+h→ subcombination, in the right plot.
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Conclusions

• After 50 years, Charm is still a “young” and “attractive” field with many open 
questions and is moving fast. 

• The last decade has been astonishing, launching us into a level of precision 
never seen before. Still plenty of room for unexpected things. 

• Theory input essential for the success of current and future experiments. 
Not only CP asymmetries (BFs, strong phases,…).  Guidance and new ideas on 
where to look next are very welcome.  Please don’t be afraid to ask for 
specific decay process or for new observables. 

• Multibody decays are becoming more and more important. We welcome 
feedback on how to best tackle them (besides amplitude analyses) to make 
the results most useful for theorists while waiting for new CPV observations 

27
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After 50 years, charm is still a “young” field with many open questions 
and is moving fast

• CPV in a single decay channel during Upgrade I?

• more decay channels & CPV in the mixing in Upgrade I/II?


Theory input essential for the success of our upgrades 
• if your favourite measurement is not being performed at LHCb, 

the time to complain is now 
• we may need to introduce new trigger lines (e.g.   only from Run 3)


• do not forget results beyond CPA (BFs, strong phases…)
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CPV in decay

CPV in mixing

Multibody decays are becoming more and more important. We welcome 
feedback on how to best tackle them (besides amplitude analyses) to make the 
results most useful for theorists while waiting for new CPV observations

• binned measurements

• triple-product asymmetries

• etc.
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Future perspectives
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Fig. 5.9: Comparison of current and expected sensitivities on the charm mixing CPV parameters
|q/p| (left) and ! (right). For LHC, Belle II, FCC-ee and LEP3, the precision expected using
D0 → KS∀+∀↑(∀0) is shown with a coloured dot and the further inclusion of D0 → h+h↑ is
shown with a coloured star. The red triangle indicates the STCF sensitivities obtained from the
combination of D0 → K↑∀+∀0, D0 → K0

S ∀+∀↑, and D0 → K↑∀+∀↑∀+ decays with 5 ab↑1.

of 3.3↓10↑5 [ID223]. For ACP(D+ → ∀+∀0), similar sensitivities are expected from LHCb Up-
grade II and Belle II, with an uncertainty of 1↓10↑3 and 1.3↓10↑3, respectively [ID223]. The
decay D0 → ∀0∀0 can be fully exploited with an e+e↑ facility: a precision on ACP(D0 → ∀0∀0)
of 7 ↓ 10↑4 is expected from Belle II [ID223], while an additional improvement by a factor
5–10 can be foreseen at FCC-ee [ID196].

A promising candle for NP searches is the study of CPV in D0–D0 mixing: this amplitude
is highly sensitive to FCNC couplings in the up-quark sector, and the related CPV observables
are powerful null tests of the SM [230,231]. Moreover, the study of charm mixing is fundamen-
tal to complement corresponding studies in the neutral K and B systems, as the D0 is the only
meson in the up-type quark sector which undergoes mixing. CPV in charm mixing is encoded in
the parameters |q/p|, which dictates the admixture of flavour states, and ! ↔ arg[q ¯A f /(pA f )],
the phase of decay-mixing interference in decays to a common final state f .

A comparison of the expected sensitivities to the mixing parameters |q/p| and ! , at
present and future facilities, is shown in Fig. 5.9. Here, the dots refer to the projections ob-
tained using D0 → K0

S ∀+∀↑(∀0) modes, for different facilities, whereas the stars account for
the further inclusion of D0 → h+h↑ decays. The triangle indicates the projections for STCF,
obtained from the combination of D0 → K↑∀+∀0, D0 → K0

S ∀+∀↑, and D0 → K↑∀+∀↑∀+ de-
cays, and assuming 5ab↑1, corresponding to 5 years of running [ID231]. Currently, the decay
D↗+ → (D0 → K0

S ∀+∀↑)∀+ yields the highest sensitivity via a decay-time dependent Dalitz
analysis. For LHCb and Belle II, today’s values correspond to the measurements [232, 233]
and the expected sensitivities with 300 fb↑1 and 50 ab↑1 are derived from Ref. [ID223]. The
projections for FCC-ee and LEP3 have been estimated using the expected number of D↗+ →
(D0 → K0

S ∀+∀↑)∀+ decays [ID196], and rescaling the LHCb sensitivities accordingly. For
Belle II, FCC-ee and LEP3, it is assumed that the decay D0 → K0

S ∀+∀↑∀0 can be used in ad-
dition, yielding the same precision as D0 → K0

S ∀+∀↑ for the same number of reconstructed
decays. Including decay-time-dependent analyses of D↗+(D0 → h+h↑)∀+ decays leads to a
further constraint on |q/p| and ! . These analyses have been performed both at LHCb [234] and
Belle [235], and projections are made based on Refs. [ID223, ID196].
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tal to complement corresponding studies in the neutral K and B systems, as the D0 is the only
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S ∀+∀↑∀0 can be used in ad-
dition, yielding the same precision as D0 → K0

S ∀+∀↑ for the same number of reconstructed
decays. Including decay-time-dependent analyses of D↗+(D0 → h+h↑)∀+ decays leads to a
further constraint on |q/p| and ! . These analyses have been performed both at LHCb [234] and
Belle [235], and projections are made based on Refs. [ID223, ID196].
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• LHCb Upgrade I (Run3) will end by June 2026.  
Already collected 9(12) fb-1 during 2024(2025)  
of good data.  
- For hadronic channels efficiency/fb-1 improved by a 

factor of 2 wrt Run2.  

• LHCb will collect data after LS3 during Run4, 
and during Run5 with an Upgraded detector 
(Phase 2) with a goal of 300 fb-1. 

• With a similar time scale Belle II (and its 
upgrades) aims at collecting 50 ab-1 of data. 

• LHCb and BelleII very competitive  in charm 
physics, even in the era of future facilities.



Michael J. Morello (SNS & INFN-Pisa)                                           WIFAI (Bari) - November 11, 2025 

Backup

29



Michael J. Morello (SNS & INFN-Pisa)                                           WIFAI (Bari) - November 11, 2025 

How we measure CP asymmetries

•  flavour cannot be inferred from the final state if this is shared by  and .  Rely on production. 

- Strong decay  

- Semi-leptonic decay. i.e.   

- Charm Flavor Tagger at B-Factories [PRD 107, 112010 (2023)] 

- Quantum correlated production in    (allow measurement of strong phases).

D0 D0 D0

D*+(2010) → D0π+

B+ → D0ℓ+νℓ

e+e− → ψ(3770) → DD

30

signal decay. These are part of the rest of the event (ROE)
and include both opposite-side and same-side particles. As
a result, the CFT incorporates the conventionalD!þ tagging
method. We use charged particles in the ROE that are likely
to be correlated with the signal flavor to build a set of
discriminating variables, which are then input into a binary
classifier that provides the tagging decision. The classifier
is trained using simulation. The probability of the tagging
decision being incorrect, for example due to the possibility
of a flavor oscillation or a suppressed decay of the opposite-
side charmed hadron, is predicted by the algorithm along
with the tagging decision.
The paper is organized as follows. Section II describes

the Belle II detector and simulation. Section III discusses
the details of the tagging algorithm, which is trained using
simulation. In Sec. IV we evaluate its performance using
several decay modes of charmed hadrons reconstructed in
data. For this purpose we use decay modes that identify the
flavor of the decaying hadron from their final state particles
(self-tagging decays). The potential impact of the CFT on
physics analyses is estimated in Sec. V, followed by the
conclusions.

II. DETECTOR AND SIMULATION

The Belle II detector [17] surrounds the collision point of
the SuperKEKB asymmetric-energy eþe− collider [19] and
consists of subsystems arranged in a cylindrical geometry
around the beam pipe. The innermost is a tracking sub-
system consisting of a two-layer silicon-pixel detector
surrounded by a four-layer double-sided silicon-strip detec-
tor and a 56-layer central drift chamber. Only 15% of the
azimuthal angle is covered by the second pixel detector
layer for the data used in this paper. A time-of-propagation
counter in the barrel and an aerogel ring-imaging
Cherenkov detector in the forward end cap provide infor-
mation used for the identification of charged particles. An
electromagnetic calorimeter consisting of CsI(Tl) crystals
fills the remaining volume inside a 1.5 T superconducting
solenoid and provides energy and timing measurements
for photons and electrons. A K0

L and muon detection
subsystem is installed in the iron flux return of the solenoid.
The z axis of the laboratory frame is defined as the central
axis of the solenoid, with its positive direction defined as
the direction opposite the positron beam.

Simulation is used to train the binary classifier that
provides the tagging prediction. The simulation uses
KKMC [20] to generate quark-antiquark pairs from eþe−

collisions, PYTHIA8 [21] to simulate the quark hadroniza-
tion, EvtGen [22] to decay the hadrons, and GEANT4 [23] to
simulate the detector response. Events are reconstructed
using the Belle II software [24,25].

III. THE TAGGING ALGORITHM

We introduce the standard metrics used for the evaluation
of the tagging performance: the tagging efficiency εtag and
the mistag fraction ω. They are defined from the numbers
of correctly tagged (R, right), wrongly tagged (W), and
untagged (U) candidates in a sample as

εtag ¼
RþW

RþW þ U
ð1Þ

and

ω ¼

(
W

RþW if W ≤ R

1 − W
RþW otherwise:

ð2Þ

Equation (2) implies that ω cannot exceed 50% because,
whenever W > R, the tagging decision is reversed. The
tagging performance is quantified by the effective tagging
efficiency, or tagging power,

εefftag ¼ εtagð1 − 2ωÞ2 ¼ εtaghri2; ð3Þ

where

hri ¼ 1 − 2ω ð4Þ

is an average dilution factor that accounts for candidates
that are mistagged (see, e.g., Sec. 8 of Ref. [26]). This
nomenclature, which is the standard for flavor tagging
algorithms, has the counterintuitive consequence that a
small dilution factor has a larger impact on the performance
than a large dilution factor. Indeed, a dilution factor r ¼ 0
indicates that it is not possible to identify the flavor (i.e., the
tagging decision is equivalent to random guessing), while a
dilution factor r ¼ 1 indicates that the flavor is perfectly
known. The tagging power represents the effective sample

FIG. 1. Simplified representation of an eþe− → cc̄ process in the center-of-mass frame. The charged kaon from the Cabibbo-favored
c̄ → s̄ transition on the opposite side tags the production flavor of the signal neutral D meson.

NOVEL METHOD FOR THE IDENTIFICATION OF THE … PHYS. REV. D 107, 112010 (2023)

112010-3

 + small time-dependent 
contribution (for )
ad

f
D0

Detection asymmetry of  tag and final-state  
(if not self-conjugate)

π+ production asymmetry

Araw( f ) =
N(D → f ) − N(D → f )
N(D → f ) + N(D → f )

≈ ACP( f ) + Adet( f ) + Aprod(D)

Removed by difference with raw asym. of one or more control samples CF decays (assuming CPV=0), often include   
limiting sensitivity ( , , …). Use also  CS decays for which CPV is known with better precision.

K0
S

D+ → K0
Sπ+ D+

s → K0
SK+

e+e−

https://doi.org/10.1103/PhysRevD.107.112010
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A first look into the future

• LHCb-Upgrade I will collect by the end of Run3 (Jun 2026) more 
than 20 fb-1 of good data with eff./fb-1 > 2 wrt Run2 (for hadrons).  

•  expected to quickly reach precision  

•  more challenging, being dominated by 
calibration channels. New calibration modes needed: 

-  very promising already with Run2 data ( ).  
See N. Kleijne at Moriond EW 2024. Potentially much better in Run 3. 

-  and , …. 

• Increase the knowledge of kaon asymmetry  in order to not 
limit precision on future measurements. Large samples of  
mesons with higher decay time very desirable.  

ΔACP ≈ 1 × 10−4

ACP(D0 → K+K−)

D0 → K0
Sπ+π− ≈ 5 × 10−4

Λ+
c → pK−π+ Λ+

c → K0
S p

A(K0)
K0

S

31

New method to measure  ACP(K+K→)

6/7

Aobs(D*+− D0( − K+K→) π+
tag ) = ACP(K+K→) + AP(D*+)+ AD(π+

tag)
Aobs(D*+− D0( − K̄0π+π→) π+

tag ) = ACP(K̄0π+π→) + AP(D*+)+ AD(π+
tag) +AD(π+π→)+AD(K̄0)

p p
D*+

K+

K→D0

PV p p
D*+

π+

π→

PV

π+

π→
D0

K̄0
π+

tag π+
tag

Signal decay Calibration decay My PhD thesis

12th Charm Workshop – 14 May 2025 T. Pajero (CERN)  |  Hadronic decays and CP violation at LHCb

A side note on  ACP(D+ → πλ+)

14

t

ΔA   (t)
-A   (D ->φπ )  CP

 +  +

 - - - - - - - - - - - - - - 
 K  0  S

+A  (K  , t)0
D    S

Courtesy of Irene Celestino

−AK0
S
(t) ≈ Araw(D+ → K0

Sλ+) ≡ Araw(D+ → πλ+)

= Adet(K
0
S, t) ≡ ACP(D+ → πλ+)

What we measure at LHCb

D+

λ+

K0

K̄0

λ+
K0

K̄0

λ+λ≡

CF

DCS
CPV in charm decay

Im(

V*cdVus

V*csVud
) 𝒪 10≡5

D+

λ+

K0

K̄0

λ+
K0

K̄0

λ+λ≡

CF

DCS
CPV in kaon mixing


𝒪 Re(δ) 𝒪 10≡3

D+

λ+

K0

K̄0

λ+
K0

K̄0

λ+λ≡

CF

DCS

CPV in interference between 
D+ decay and kaon mixing


Im(δ)Re(
V*cdVus

V*csVud
) 𝒪 10≡3

1 2 3 4 5
t/τS

-15

-10

-5

5

ACP(t)[×10-3]

K0 mixing
interference

CPV in decay

Yu Wang Li:  Phys. Rev. Lett. 119 (2017) 18, 181802

+ regeneration (and interference)Adet(K
0
S , t) = Adecay

CP
+ AK̄0

CP(t) + Aint
CP(t)

crucially depends on
A(D+ → K0λ+)

A(D+ → K̄0λ+)
≈ rλeiρλ

12th Charm Workshop – 14 May 2025 T. Pajero (CERN)  |  Hadronic decays and CP violation at LHCb

Kind request to our theory colleagues

15

A(D+ → K0π+)

A(D+ → K̄0π+)
− rπeiλπ

Yu Wang Li:  Phys. Rev. Lett. 119 (2017) 18, 181802
rϕ¼ ð −0.073þ 0.004; δϕ¼ ð −1.39þ 0.05;

Values fitted to data in the FAT approach:

What systematic uncertainties should we assign? 
Can solid predictions be provided? 
Otherwise treating them as nuisance parameters will limit 
our precision in Upgrade I

Courtesy of Irene Celestino

Note: with the  multiple 
interfering CF/DCS amplitudes. See next.

D0 → K0
s π+π−

N. Kleijne at Moriond EW 2024. 

T. Pajero at 
CHARM 2025. 

https://indico.in2p3.fr/event/32664/contributions/137058/
https://indico.in2p3.fr/event/32664/contributions/137058/
https://indico-tdli.sjtu.edu.cn/event/2835/contributions/15259/
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Nuisance asymmetries removal

Mixing and CPV with D0 → Kπ

32
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Example: D0 → h−h+

11
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≈(D̄0(t) → K+π−)
= RKπ + RKπ cKπ (

t

λ ) + c≡ Kπ (
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λ )
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Mixing and CPV in  decays 
PRD 111 (2025) 1, 012001

D0 → K+π−

R̃±
Kπ 𝒪 RKπ(1 ± ad

K+π− ∼ 2ad
K+K−)

c̃±
Kπ 𝒪 c±

Kπ − cKπ ad
K+K− − 2 RKπ ×YK+K−

c̃≡ 

±
Kπ 𝒪 c̃±

Kπ − 2c≡ Kπ ad
K+K− − 2 RKπ cKπ ×YK+K−

correct for  and Aprod(D
*+) Adet(π

+
tag)

≈(D0(t) → K+π−)

≈(D̄0(t) → K+π−)

≈(D̄0(t) → K+K−)

≈(D0(t) → K+K−)
= R̃±

Kπ + R̃±
Kπ c̃±

Kπ (
t

λ ) + c̃≡ ±
Kπ (

t

λ )
2

sensitivity to  if assuming no CPV in DCS decaysad
K+K−
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K+K− = ( 6.4 ± 5.3) Δ 10−4

ad
π+π− = (21.9 ± 5.8) Δ 10−4

ad
K+K− = ( 9.1 ± 5.2) Δ 10−4
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π+π− = (24.5 ± 5.7) Δ 10−4

see R. Ribatti’s talk

Strict U-spin limit  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K+K−
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π+π−

= − 1

Improved U-spin limit  
ad

K+K−

ad
π+π−

A(D0 → K+K−)

A(D0 → π+π−)
= − 1

LHCb-CONF-2024-004
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R!
KπðtÞ ≈ RKπð1! AKπÞ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RKπð1! AKπÞ

p
ðcKπ ! ΔcKπÞt

þ ðc0Kπ ! Δc0KπÞt2; ð2Þ

where [13,14]

RKπ ≡ 1

2

"####
Af̄

Āf̄

####
2

þ
####
Āf

Af

####
2$

; ð3Þ

AKπ ≡
jAf̄=Āf̄j2 − jĀf=Afj2

jAf̄=Āf̄j2 þ jĀf=Afj2
≈ adDCS; ð4Þ

cKπ ≈ y12 cosϕΓ
f cosΔf þ x12 cosϕM

f sinΔf; ð5Þ

ΔcKπ ≈ x12 sinϕM
f cosΔf − y12 sinϕΓ

f sinΔf; ð6Þ

c0Kπ ≈
1

4
ðx212 þ y212Þ; ð7Þ

Δc0Kπ ≈
1

2
x12y12 sinðϕM

f − ϕΓ
fÞ: ð8Þ

Here, Af (Āf) denotes the decay amplitude of a D0 (D̄0)
meson into the final state f ¼ K−πþ; Af̄ (Āf̄) denotes the
analogous amplitude for the final state f̄ ¼ Kþπ−; adDCS is
the CP asymmetry in doubly Cabibbo-suppressed D0 →
Kþπ− decays; and the weak phases ϕM

f , ϕ
Γ
f , and the strong

phase Δf are defined following the convention of Ref. [13],

ϕM
f − Δf ≡ argð−M12Af=ĀfÞ;

ϕM
f þ Δf ≡ argð−M12Af̄=Āf̄Þ;

ϕΓ
f − Δf ≡ argð−Γ12Af=ĀfÞ;

ϕΓ
f þ Δf ≡ argð−Γ12Af̄=Āf̄Þ: ð9Þ

Finally,CP violation in Cabibbo-favored decays and relative
corrections of the order of RKπ are neglected in Eqs. (5)–(8).
Compared to other conventions [15–18], the parametrization
of Eq. (2) has the advantage of distinguishing between
CP-even observables (RKπ , cKπ and c0Kπ) and CP-odd
observables (AKπ , ΔcKπ and Δc0Kπ), where the latter vanish
in the case of no CP violation, when both ϕM

f and ϕΓ
f are

equal to zero. Further details on different conventions and
parametrizations are reported in Appendix A.
The CP asymmetry AKπ provides a rigorous null test of

the SM. Since the c → uds̄ transition does not receive
contributions from electroweak-loop (penguin) or chromo-
magnetic-dipole operators, any signs of CP asymmetry in
the decay larger than 10−5 would provide unambiguous
evidence of new interactions [19,20]. The same argument
applies to the Cabibbo-favored D0 → K−πþ decays, where
the assumption of negligible CP asymmetry is made since
the contribution from the SM amplitude is much larger than

that of doubly Cabibbo-suppressed D0 → Kþπ− decays.
The parameters cKπ and, with lesser sensitivity, c0Kπ
constrain the values of the mixing parameters x12 and
y12 as well as the phaseΔf. This phase is zero in the limit of
SUð3ÞF flavor symmetry. Direct determinations of Δf at
eþe− → ψð3770Þ charm factories are available [21,22]
but more precise measurements would be desirable. An
indirect determination, which includes these measure-
ments as well as LHCb measurements of the angle γ of
the CKM unitarity triangle [23–25] and of charm
mixing [17,26–29], achieved the best precision, yielding
Δf ¼ ð−10.2! 2.8Þ° [30,31]. Given the large uncertainty
on the small value of Δf, and the level of precision with
which the mixing parameters are known, x12 ¼ ð4.0!
0.5Þ × 10−3 and y12 ¼ ð6.36! 0.20Þ × 10−3 [31], an
improved determination of cKπ would mostly improve
the precision on the phase Δf. This would improve the
knowledge of SUð3ÞF breaking and of rescattering at
the energy scale of the charm mass [32–37], which
currently limits predictions of the size of CP violation
in D0 → KþK− and D0 → πþπ− decays [38–45].
Measurements of RKπ , which in the SUð3ÞF limit equals
jV&

cdVus=V&
csVudj2 ≈ ðtan θCÞ4, where θC is the Cabibbo

angle, can also provide better insights on the size of SUð3ÞF
breaking. Moreover, the D0 → Kþπ− and D0 → K−πþ

decays are a simpler system than D0 → KþK− and D0 →
πþπ− for these studies because the distinct final-state
hadrons cannot rescatter into one another. Finally, since
the contribution from CP violation in decay is expected to
be negligible in the SM, the parameters ΔcKπ and, again
with more limited sensitivity, Δc0Kπ provide a clean
measurement of CP violation in theD0 mixing amplitudes.
In fact, the phases ϕM

f and ϕΓ
f differ from the intrinsic

mixing phases of charm mixing, ϕM
2 and ϕΓ

2 , by
Oð10−6Þ rad (see Secs. IV B and IV C 2 of Ref. [13]).
While CP violation in charm decays has been observed in
ΔC ¼ 1 amplitudes [46,47], all searches for CP violation
in the mixing amplitudes to date have yielded null
results [17,27,28,48–50]. The small value of Δf, along
with the similar sizes of x12 and y12, implies better
sensitivity to ϕM

f than to ϕΓ
f .

This article presents a measurement of R!
KπðtÞ performed

with proton-proton (pp) collision data collected by the
LHCb experiment at a center-of-mass energy of 13 TeV
from 2015 through 2018, corresponding to an integrated
luminosity of 6 fb−1. TheD0 meson is required to originate
from strong D&ð2010Þþ → D0πþs decays, such that its
flavor at production is determined by the charge of the
low-momentum “soft” pion, πþs . Hereafter the D&ð2010Þþ
meson is referred to as D&þ. The decay D0ðtÞ → Kþπ− is
referred to as wrong sign (WS), as the charge of the pion is
opposite to that of the soft pion from the D&þ decay, while
the decay D0ðtÞ → K−πþ is referred to as right sign (RS).

R. AAIJ et al. PHYS. REV. D 111, 012001 (2025)
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Finally,CP violation in Cabibbo-favored decays and relative
corrections of the order of RKπ are neglected in Eqs. (5)–(8).
Compared to other conventions [15–18], the parametrization
of Eq. (2) has the advantage of distinguishing between
CP-even observables (RKπ , cKπ and c0Kπ) and CP-odd
observables (AKπ , ΔcKπ and Δc0Kπ), where the latter vanish
in the case of no CP violation, when both ϕM
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parametrizations are reported in Appendix A.
The CP asymmetry AKπ provides a rigorous null test of

the SM. Since the c → uds̄ transition does not receive
contributions from electroweak-loop (penguin) or chromo-
magnetic-dipole operators, any signs of CP asymmetry in
the decay larger than 10−5 would provide unambiguous
evidence of new interactions [19,20]. The same argument
applies to the Cabibbo-favored D0 → K−πþ decays, where
the assumption of negligible CP asymmetry is made since
the contribution from the SM amplitude is much larger than

that of doubly Cabibbo-suppressed D0 → Kþπ− decays.
The parameters cKπ and, with lesser sensitivity, c0Kπ
constrain the values of the mixing parameters x12 and
y12 as well as the phaseΔf. This phase is zero in the limit of
SUð3ÞF flavor symmetry. Direct determinations of Δf at
eþe− → ψð3770Þ charm factories are available [21,22]
but more precise measurements would be desirable. An
indirect determination, which includes these measure-
ments as well as LHCb measurements of the angle γ of
the CKM unitarity triangle [23–25] and of charm
mixing [17,26–29], achieved the best precision, yielding
Δf ¼ ð−10.2! 2.8Þ° [30,31]. Given the large uncertainty
on the small value of Δf, and the level of precision with
which the mixing parameters are known, x12 ¼ ð4.0!
0.5Þ × 10−3 and y12 ¼ ð6.36! 0.20Þ × 10−3 [31], an
improved determination of cKπ would mostly improve
the precision on the phase Δf. This would improve the
knowledge of SUð3ÞF breaking and of rescattering at
the energy scale of the charm mass [32–37], which
currently limits predictions of the size of CP violation
in D0 → KþK− and D0 → πþπ− decays [38–45].
Measurements of RKπ , which in the SUð3ÞF limit equals
jV&

cdVus=V&
csVudj2 ≈ ðtan θCÞ4, where θC is the Cabibbo

angle, can also provide better insights on the size of SUð3ÞF
breaking. Moreover, the D0 → Kþπ− and D0 → K−πþ

decays are a simpler system than D0 → KþK− and D0 →
πþπ− for these studies because the distinct final-state
hadrons cannot rescatter into one another. Finally, since
the contribution from CP violation in decay is expected to
be negligible in the SM, the parameters ΔcKπ and, again
with more limited sensitivity, Δc0Kπ provide a clean
measurement of CP violation in theD0 mixing amplitudes.
In fact, the phases ϕM

f and ϕΓ
f differ from the intrinsic

mixing phases of charm mixing, ϕM
2 and ϕΓ

2 , by
Oð10−6Þ rad (see Secs. IV B and IV C 2 of Ref. [13]).
While CP violation in charm decays has been observed in
ΔC ¼ 1 amplitudes [46,47], all searches for CP violation
in the mixing amplitudes to date have yielded null
results [17,27,28,48–50]. The small value of Δf, along
with the similar sizes of x12 and y12, implies better
sensitivity to ϕM

f than to ϕΓ
f .

This article presents a measurement of R!
KπðtÞ performed

with proton-proton (pp) collision data collected by the
LHCb experiment at a center-of-mass energy of 13 TeV
from 2015 through 2018, corresponding to an integrated
luminosity of 6 fb−1. TheD0 meson is required to originate
from strong D&ð2010Þþ → D0πþs decays, such that its
flavor at production is determined by the charge of the
low-momentum “soft” pion, πþs . Hereafter the D&ð2010Þþ
meson is referred to as D&þ. The decay D0ðtÞ → Kþπ− is
referred to as wrong sign (WS), as the charge of the pion is
opposite to that of the soft pion from the D&þ decay, while
the decay D0ðtÞ → K−πþ is referred to as right sign (RS).
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Physics observable

Experimental observable includes instrumental asymmetries, ,   
in each decay-time bin   (production and  tag asymmetries )

AI
i

i π

of the K π invariant mass computed with the correct and the
inverted K −π mass hypotheses, mðKπÞ vs mðKπÞswap, of
background-subtracted WS candidates, where any require-
ment on the D0 mass is removed, as shown in Fig. 5. After
applying the requirements on both D0 masses, the bias to
the measured ratio is estimated to be 2 × 10−6 and is
subtracted (see Sec. VIII). A conservative uncertainty equal
to half the bias value is assigned. Time-dependent varia-
tions of this bias are smaller and are, therefore, neglected.
The fraction of signal WS decays removed by vetoing

the RS andWS common candidates is determined by fitting
the two-dimensional distribution of the invariant masses
of the commonD#þ andD#− candidates reconstructed from
the sameD0 meson, but with oppositely charged soft pions,
which is shown in Fig. 6. The measured fraction is about
0.13% and the corresponding bias is subtracted (see
Sec. VIII). A conservative uncertainty equal to half the
bias value is again assigned, and the time-dependent
variations are neglected.

B. Asymmetry bias

Nuisance charge asymmetries mainly originate from the
different probabilities of producingD#þ andD#− mesons in
a pp collision and from the different efficiencies of
detecting positively and negatively charged low-momen-
tum particles, such as the soft pion utilized to form the D#þ

candidates. The LHCb detector is not perfectly left-right
symmetric, and the detection and reconstruction process,

including pattern recognition, track reconstruction, and
selections, is intrinsically charge-asymmetric. The net effect
of such instrumental asymmetries is a bias to the WS-to-RS
yield ratio, acting in opposite directions for the Kþπ− and
K−πþ final states, andmimicking aCP-violating asymmetry
indistinguishable from a real effect due to the effective
Hamiltonian for D0 mesons. Any such asymmetry must
be precisely removed.
For a given subsample i, the measured biased value of

the WS-to-RS yield ratio, R̃%
i , is related to the unbiased

value, R%
i , through the following expression

R̃%
i ¼ R%

i ð1% 2AI
iÞ; ð13Þ

where AI
i is the instrumental asymmetry. This asymmetry is

measured using a pure calibration sample of 40 million
D#þ → D0ð→KþK−Þπþs decays, collected in the same
conditions and with almost identical requirements as the
RS and WS data samples. The raw asymmetry, aKKi , is
measured from data in each subsample i by counting the
number of reconstructed D0 → KþK− (D̄0 → KþK−) can-
didates, Nþ

i (N−
i ), as a

KK
i ¼ ðNþ

i − N−
i Þ=ðNþ

i þ N−
i Þ. The

instrumental asymmetry is determined as

AI
i ¼ aKKi − ðadKK þ ΔYhtiiÞ: ð14Þ

The terms adKK and ΔY are the CP-violating asymmetry in
the decay and the time-dependent CP asymmetry in the
singly Cabibbo-suppressed D0 → KþK− mode, respec-
tively. They are both external inputs to this analysis and

FIG. 5. Background-subtracted two-dimensional distribution
of the invariant K π mass, computed with the standard mass
hypothesis,mðKπÞ, vs the swapped mass hypothesis,mðKπÞswap,
for WS candidates. Horizontal (vertical) dashed lines indicate the
signal (vetoed) region, while blue (orange) solid lines indicate the
region where the reconstructed invariant D0 mass is within
%40 MeV=c2 of its known value when computed with the π π
(K K) mass hypothesis.

FIG. 6. Two-dimensional distribution of the invariant masses of
the D#þ and D#− mesons reconstructed from the same D0 meson,
but using two different candidates for the soft pion. Candidates in
the region within the vertical dashed lines are discarded from the
WS sample, as described in Sec. IV. The barely visible diagonal
band is due to ghost soft pions.
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Correct using raw asymmetry of   D*+ → D0( → K+K−)π+

AI
i = Araw(KK)i − (ad

K+K− + ΔYK+K− ⋅ ⟨ti⟩)

 

 

 

ÃKπ ≈ AKpi − 2ad
K+K− ≈ ad

K+π− − 2ad
K+K−

Δc̃Kπ ≈ ΔcKπ − cKπ ad
K+K− − 2 Rkπ ΔYK+K−

Δc̃′￼Kπ ≈ Δc′￼Kπ − 2c′￼Kπad
K+K− − 2 RKπ cKπ ΔYK+K−

• Sensitive to   if assuming no 

CPV in DCS  decays ( ). 
• Probe a CP-violating observable free 

from any assumption.   
• Competitive by increasing the 
accuracy on .

ad
K+K−

ad
K+π− = 0

ΔcKπ ≈ ϕM
2 x12
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the oscillation of D0 into D̄0 mesons. This process is
parametrized through the mixing parameters x12 and y12,
defined as x12 ≡ 2jM12=Γj and y12 ≡ jΓ12=Γj [22], where
H ≡M − i

2Γ is the effective Hamiltonian governing the
time evolution of the D0–D̄0 system and Γ is the average
decay width of the mass eigenstates. Since both mixing
parameters are smaller than 1% [23–30], the asymmetry
can be expanded to linear order in the mixing parameters as

ACPðf; tÞ ≈ adf þ ΔYf
t
τD0

; ð2Þ

where adf is the CP asymmetry in the decay, τD0 is the
lifetime of the D0 meson, and the ΔYf parameter is
approximately equal to [21]

ΔYf ≈ −x12 sinϕM
f þ y12adf: ð3Þ

Here, ϕM
f is defined as ϕM

f ≡ arg ðM12Af=ĀfÞ, where Af

(Āf) indicates the decay amplitude of aD0 (D̄0) meson into
the final state f. The parameterΔYf is approximately equal
to the negative of the parameter Af

Γ defined as the
asymmetry of the effective decay widths of D0 and D̄0

mesons into the final state f, as detailed in Appendix A.
Within the SM, the value of ΔYf is predicted to be of the

order of 10−5 or less [21,31–33], even though an enhance-
ment up to the level of 10−4 by nonperturbative effects of
the strong interaction is not excluded [21,32]. At the current
level of experimental precision, final-state dependent con-
tributions to ΔYf can be safely neglected, as detailed in
Appendix A. The measurements of ΔYKþK− and ΔYπþπ−

are thus expected to be consistent with each other and,
under this assumption, they are collectively denoted as ΔY.
Under the same approximation, the phase ϕM

f is equal to a
dispersive mixing phase ϕM

2 common to all D0 decays,
ΔY ≈ −x12 sinϕM

2 [21]. The phase ϕM
2 is defined as the

phase of M12 with respect to its ΔU ¼ 2 dominant
contribution, hence the subscript “2,” and coincides with
the mixing phase ϕ12, defined as ϕ12 ≡ argðM12=Γ12Þ, in
the superweak approximation [21,22,34–36].
Reducing the uncertainty on ΔYf is also essential to

determine the parameter adKþK− from the measurements
of the time-integrated asymmetry of D0 → KþK− decays
[37–41], which is equal to

ACPðKþK−Þ ≈ adKþK− þ ΔYKþK−
htiKþK−

τD0

; ð4Þ

where htiKþK− is the average measured decay time, which
depends on the experimental environment. In the most
precise measurement to date, htiKþK−=τD0 is equal to
about 1.7 [41].

The ΔYf parameter has been measured by the BABAR
[24], CDF [42], Belle [26] (which measures the parameter
Af
Γ) and LHCb [43–45] collaborations. The world average,

neglecting possible differences between the KþK− and
πþπ− final states, is ΔY ¼ ð3.1% 2.0Þ × 10−4 [46].
This article presents a new measurement performed

using proton-proton (pp) collision data collected by the
LHCb experiment at a center-of-mass energy of 13 TeV in
2015–2018, corresponding to an integrated luminosity of
6 fb−1. Unlike in Ref. [45], the D0 meson is required to
originate from strong D&ð2010Þþ → D0πþtag decays, such
that its initial flavor at production is identified by the charge
of the tagging pion, πþtag. The inclusion of charge-conjugate
processes is implied throughout, except in the discussion
of asymmetries. Hereafter theD&ð2010Þþ meson is referred
to as D&þ.

II. MEASUREMENT OVERVIEW

The measured raw asymmetry between the number ofD0

and D̄0 decays into the final state f at time t,

Arawðf;tÞ≡
NðD&þ→D0ðf;tÞπþtagÞ−NðD&−→D̄0ðf;tÞπ−tagÞ
NðD&þ→D0ðf;tÞπþtagÞþNðD&−→D̄0ðf;tÞπ−tagÞ

;

ð5Þ

is equal to

Arawðf; tÞ ≈ ACPðf; tÞ þ AdetðπþtagÞ þ AprodðD&þÞ ð6Þ

up to corrections that are of third order in the asymmetries.
Here, AdetðπþtagÞ is the detection asymmetry due to different
reconstruction efficiencies of positively and negatively
charged tagging pions and AprodðD&þÞ is the production
asymmetry of D&% mesons in p p collisions. The meas-
urement of ΔYf from the slope of Arawðf; tÞ, cf. Eq. (2), is
largely insensitive to time-independent asymmetries such
as the detection and production asymmetries, which depend
only on the kinematics of the particles. However, the
requirements used to select and reconstruct the decays
introduce correlations between the kinematic variables and
the measured decay time of the D0 meson. This causes an
indirect time dependence of the production and detection
asymmetries that needs to be accounted for. These nuisance
asymmetries are controlled with a precision better than
0.5 × 10−4 by an equalisation of the kinematics of D&þ and
D&− candidates, as described in Sec. V. A further time
dependence of AprodðD&þÞ arises if the D&þ meson is
produced in the decay of a B meson instead of in the
pp collision. The production asymmetry of these secon-
dary D&þ mesons is different from that of D&þ mesons
originating from the primary pp collision vertex (PV). In
addition, the measurement of the decay time of secondary
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the kinematic weighting in removing the nuisance asym-
metries, alternative configurations of the kinematic weight-
ing acting on different variables have been employed,
including that described in Ref. [71]. The baseline
configuration minimizes the residual asymmetries of all
kinematic variables of the D0 and πþtag mesons after the
weighting. However, all weighting procedures that remove
satisfactorily the asymmetries of the D0 momentum pro-
vide measurements of ΔYK−πþ within 0.13 × 10−4 from the
baseline value.
All systematic uncertainties are summarized in

Table I. The slope of the time-dependent asymmetry of
the control sample is measured to be ΔYK−πþ ¼ð−0.4$
0.5$0.2Þ×10−4, where the first uncertainty is statistical
and the second is systematic, and is compatible with zero as
expected. Note, however, that this measurement was not
performed blindly. Additional robustness tests are per-
formed to check that the measured value of ΔYhþh− does
not display unexpected dependencies on various observ-
ables, including the selections that are satisfied by the D0

candidate at the hardware and at the first software stage of
the trigger; the momentum, the transverse momentum and
the pseudorapidity of the D0 and πþtag mesons; the D0 flight
distance in the plane transverse to the beam; the position of
the PV along the beamline; and the number of PVs in the
event. No significant dependencies of ΔYhþh− on any of
these variables are found. The measurement is repeated
for the signal channels, assigning a zero weight in the
weighting procedure of Sec. Vonly to the candidates in the
tridimensional-space intervals for which the corresponding
intervals of theK−πþ sample have fewer than 40 candidates
or an asymmetry greater than 20%. In this way, the choice
of the zero weights is made independent of the value of
ΔYhþh− . The stability of the measurement is further
checked as a function of the threshold of the minimum
number of candidates and of the maximum asymmetry per
interval. The results of all these tests are compatible with
the baseline one within the statistical uncertainty. Finally,
possible biases due to the decay-time resolution, approx-
imately 0.11 τD0, are determined in simulation to be less
than 0.01 × 10−4, and thus are neglected.

VIII. RESULTS

The time-dependent asymmetries of the D0 → KþK−

and D0 → πþπ− channels, after the kinematic weighting
and the subtraction of the contribution from B-meson
decays, are displayed in Fig. 12. Linear fits are super-
imposed, and the resulting slopes are

ΔYKþK− ¼ ð−2.3$ 1.5$ 0.3Þ × 10−4;

ΔYπþπ− ¼ ð−4.0$ 2.8$ 0.4Þ × 10−4;

where the first uncertainties are statistical and the second
are systematic. Assuming that all systematic uncertainties
are 100% correlated, except those on the mðhþh−Þ back-
ground, which are taken to be uncorrelated, the difference
of ΔYf between the two final states is equal to

ΔYKþK− − ΔYπþπ− ¼ ð1.7$ 3.2$ 0.1Þ × 10−4;

and is consistent with zero. Neglecting final-state depen-
dent contributions to ΔYf, the two values are combined
using the best linear unbiased estimator [72,73]. The result,

ΔY ¼ ð−2.7$ 1.3$ 0.3Þ × 10−4;

is consistent with zero within two standard deviations,
and both its statistical and systematic uncertainties are
improved by more than a factor of 2 with respect to the
previous most precise measurement [44].
These results are combined with previous LHCb

measurements [43–45], with which they are consistent,
yielding the LHCb legacy results with the 2011–2012 and
2015–2018 data samples,
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FIG. 12. Asymmetry, AsigðtÞ, as a function of decay time for
(top)D0 → KþK− and (bottom)D0 → πþπ− candidates. A linear
fit is superimposed. The χ2=ndf of the fits are 15=19 and 21=19,
respectively.

TABLE I. Summary of the systematic uncertainties, in units of
10−4. The statistical uncertainties are reported for comparison.

Source ΔYKþK− [10−4] ΔYπþπ− [10−4]

Subtraction of the mðD0πþtagÞ
background

0.2 0.3

Flavor-dependent shift
of D&-mass peak

0.1 0.1

D&þ from B-meson decays 0.1 0.1
mðhþh−Þ background 0.1 0.1
Kinematic weighting 0.1 0.1

Total systematic uncertainty 0.3 0.4
Statistical uncertainty 1.5 2.8
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ΔYhþh− . The stability of the measurement is further
checked as a function of the threshold of the minimum
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interval. The results of all these tests are compatible with
the baseline one within the statistical uncertainty. Finally,
possible biases due to the decay-time resolution, approx-
imately 0.11 τD0, are determined in simulation to be less
than 0.01 × 10−4, and thus are neglected.

VIII. RESULTS

The time-dependent asymmetries of the D0 → KþK−

and D0 → πþπ− channels, after the kinematic weighting
and the subtraction of the contribution from B-meson
decays, are displayed in Fig. 12. Linear fits are super-
imposed, and the resulting slopes are

ΔYKþK− ¼ ð−2.3$ 1.5$ 0.3Þ × 10−4;

ΔYπþπ− ¼ ð−4.0$ 2.8$ 0.4Þ × 10−4;

where the first uncertainties are statistical and the second
are systematic. Assuming that all systematic uncertainties
are 100% correlated, except those on the mðhþh−Þ back-
ground, which are taken to be uncorrelated, the difference
of ΔYf between the two final states is equal to

ΔYKþK− − ΔYπþπ− ¼ ð1.7$ 3.2$ 0.1Þ × 10−4;

and is consistent with zero. Neglecting final-state depen-
dent contributions to ΔYf, the two values are combined
using the best linear unbiased estimator [72,73]. The result,

ΔY ¼ ð−2.7$ 1.3$ 0.3Þ × 10−4;

is consistent with zero within two standard deviations,
and both its statistical and systematic uncertainties are
improved by more than a factor of 2 with respect to the
previous most precise measurement [44].
These results are combined with previous LHCb

measurements [43–45], with which they are consistent,
yielding the LHCb legacy results with the 2011–2012 and
2015–2018 data samples,
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TABLE I. Summary of the systematic uncertainties, in units of
10−4. The statistical uncertainties are reported for comparison.

Source ΔYKþK− [10−4] ΔYπþπ− [10−4]

Subtraction of the mðD0πþtagÞ
background

0.2 0.3

Flavor-dependent shift
of D&-mass peak

0.1 0.1

D&þ from B-meson decays 0.1 0.1
mðhþh−Þ background 0.1 0.1
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ΔYf ≈ −
Γ̂D0→f − Γ̂D̄0→f

2Γ̂D0→K−πþ
; ðA7Þ

by modeling the time distributions of D0 → f and
D0 → K−πþ decays [see Eqs. (A2) and (B2)] with an
exponential function, expð−Γ̂τÞ, and assuming that the
effective decay width Γ̂ is equal to unity for D0 → K−πþ

decays. This method neglects the contributions to the
effective decay widths from c0$f , assuming that
Γ̂D0=D̄0→f ¼ 1 − c$f . The AΓ observable, which has been
used as alternative to ΔYf in Refs. [26,74,75], is similarly
defined as the asymmetry of the effective decay widths of
D0 and D̄0 mesons into the final state f,

Af
Γ ≡

Γ̂D0→f − Γ̂D̄0→f

Γ̂D0→f þ Γ̂D̄0→f
; ðA8Þ

and is related to ΔYf as

Af
Γ ¼ −

ΔYf

1þ yfCP
; ðA9Þ

where the yfCP parameter is defined as yfCP≡−ðcþf þc−f Þ=2
and is equal to y12 up to second order in the CP-violation
parameters defined above. However, as the statistical
precision improves, approximating the time-dependent
decay widths with the effective ones might not be a good
approximation any longer, since CP-even corrections
to the exponential decay rate quadratic in the mixing
parameters might be of the same order as the CP-odd
first-order ones.
On the contrary, the definition of ACPðtÞ in Eq. (1)

employed in Refs. [42–45,71] and in the present article
is always dominated by the first-order terms, since the
CP-even second-order terms cancel in the difference in
the numerator. In particular, the coefficient of the linear
expansion of ACPðtÞ in Eq. (2) is equal to ΔYf up to a
multiplicative factor of4jAfj2jĀfj2=ðjAfj2 þ jĀfj2Þ2, whose
difference with unity is approximately equal to ðadfÞ2=2≲
10−6 [6,41]. This coefficient has been denoted as −Af

Γ in
Refs. [42–45,71], neglecting the 1% correction due to yfCP
in Eq. (A9).
The final-state dependent contributions to ΔYf in

Eq. (A6) can be isolated by defining ϕM
f ≡ ϕM

2 þ δϕf,
where ϕM

2 is the intrinsic CP-violating mixing phase of D0

mesons, defined as the argument of the dispersive mixing
amplitude M12 with respect to its dominant ΔU ¼ 2
component, and δϕf is the relative weak phase of the
subleading amplitude responsible for CP violation in the
decay with respect to the dominant decay amplitude [21].
By defining δf the strong-phase analog of δϕf, and using
δϕf ¼ −adf cot δf, Eq. (A6) can be written as

ΔYf ≈ −x12 sinϕM
2 þ y12adf

!
1þ x12

y12
cot δf

"
; ðA10Þ

where the first term is universal and the second encloses the
final-state dependence. The term y12jadfj is estimated to be
less than 0.1 × 10−4 by using available experimental data
[6,46] and the minimal assumption that adKþK− and adπþπ−
have opposite signs, which is motivated by U-spin sym-
metry arguments as well as by experimental evidence
[6,27]. The factor x12

y12
cot δf can enhance the dependence

on the final state, even though the phase δf is expected to be
of Oð1Þ due to large rescattering at the charm mass scale.
On the other hand, the SM predictions for ϕM

2 are of
the order 2 mrad or less [21,31–33], even though
enhancements up to one order of magnitude due to low-
energy nonperturbative strong interactions cannot be
excluded [21,32].
An alternative parametrization of CP violation and

mixing is based on the explicit expansion of the mass
eigenstates of H in terms of the flavor eigenstates, jD1;2i≡
pjD0i$ qjD̄0i, with jpj2 þ jqj2 ¼ 1 (CPT invariance is
assumed). The corresponding mixing parameters are defined
as x≡ ðm2 −m1Þ=Γ and y≡ ðΓ2 − Γ1Þ=ð2ΓÞ, where m1;2
and Γ1;2 are the masses and decay widths of the mass
eigenstates. Adopting the convention that jD1i (jD2i) is the
approximately CP-odd (CP-even) eigenstate, the following
relations hold, x12≈x and y12 ≈ y, up to corrections quad-
ratic in the CP violation parameter sinϕ12 [21,22,36]. In this
parametrization, the parameter ΔYf defined in Eq. (A6) is
equal to
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where ϕλf is defined as ϕλf ≡ arg½−ðqĀfÞ=ðpAfÞ'.
Neglecting terms of order higher than 1 in the CP-violation
parameters ðjq=pj − 1Þ, sinϕλf and adf, Eq. (A11) can be
written as
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Finally, the dependence on the final state can be separated
from the universal component by defining ϕλf ≡ ϕ2 − δϕf

(see Ref. [21]), where ϕ2 is a final-state independent weak
phase dubbed ϕ by the HFLAV collaboration [46] and δϕf is
the same as above, obtaining
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ΔYf ≈ −
Γ̂D0→f − Γ̂D̄0→f

2Γ̂D0→K−πþ
; ðA7Þ

by modeling the time distributions of D0 → f and
D0 → K−πþ decays [see Eqs. (A2) and (B2)] with an
exponential function, expð−Γ̂τÞ, and assuming that the
effective decay width Γ̂ is equal to unity for D0 → K−πþ

decays. This method neglects the contributions to the
effective decay widths from c0$f , assuming that
Γ̂D0=D̄0→f ¼ 1 − c$f . The AΓ observable, which has been
used as alternative to ΔYf in Refs. [26,74,75], is similarly
defined as the asymmetry of the effective decay widths of
D0 and D̄0 mesons into the final state f,

Af
Γ ≡

Γ̂D0→f − Γ̂D̄0→f

Γ̂D0→f þ Γ̂D̄0→f
; ðA8Þ

and is related to ΔYf as

Af
Γ ¼ −

ΔYf

1þ yfCP
; ðA9Þ

where the yfCP parameter is defined as yfCP≡−ðcþf þc−f Þ=2
and is equal to y12 up to second order in the CP-violation
parameters defined above. However, as the statistical
precision improves, approximating the time-dependent
decay widths with the effective ones might not be a good
approximation any longer, since CP-even corrections
to the exponential decay rate quadratic in the mixing
parameters might be of the same order as the CP-odd
first-order ones.
On the contrary, the definition of ACPðtÞ in Eq. (1)

employed in Refs. [42–45,71] and in the present article
is always dominated by the first-order terms, since the
CP-even second-order terms cancel in the difference in
the numerator. In particular, the coefficient of the linear
expansion of ACPðtÞ in Eq. (2) is equal to ΔYf up to a
multiplicative factor of4jAfj2jĀfj2=ðjAfj2 þ jĀfj2Þ2, whose
difference with unity is approximately equal to ðadfÞ2=2≲
10−6 [6,41]. This coefficient has been denoted as −Af

Γ in
Refs. [42–45,71], neglecting the 1% correction due to yfCP
in Eq. (A9).
The final-state dependent contributions to ΔYf in

Eq. (A6) can be isolated by defining ϕM
f ≡ ϕM

2 þ δϕf,
where ϕM

2 is the intrinsic CP-violating mixing phase of D0

mesons, defined as the argument of the dispersive mixing
amplitude M12 with respect to its dominant ΔU ¼ 2
component, and δϕf is the relative weak phase of the
subleading amplitude responsible for CP violation in the
decay with respect to the dominant decay amplitude [21].
By defining δf the strong-phase analog of δϕf, and using
δϕf ¼ −adf cot δf, Eq. (A6) can be written as
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2 þ y12adf
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"
; ðA10Þ

where the first term is universal and the second encloses the
final-state dependence. The term y12jadfj is estimated to be
less than 0.1 × 10−4 by using available experimental data
[6,46] and the minimal assumption that adKþK− and adπþπ−
have opposite signs, which is motivated by U-spin sym-
metry arguments as well as by experimental evidence
[6,27]. The factor x12

y12
cot δf can enhance the dependence

on the final state, even though the phase δf is expected to be
of Oð1Þ due to large rescattering at the charm mass scale.
On the other hand, the SM predictions for ϕM

2 are of
the order 2 mrad or less [21,31–33], even though
enhancements up to one order of magnitude due to low-
energy nonperturbative strong interactions cannot be
excluded [21,32].
An alternative parametrization of CP violation and

mixing is based on the explicit expansion of the mass
eigenstates of H in terms of the flavor eigenstates, jD1;2i≡
pjD0i$ qjD̄0i, with jpj2 þ jqj2 ¼ 1 (CPT invariance is
assumed). The corresponding mixing parameters are defined
as x≡ ðm2 −m1Þ=Γ and y≡ ðΓ2 − Γ1Þ=ð2ΓÞ, where m1;2
and Γ1;2 are the masses and decay widths of the mass
eigenstates. Adopting the convention that jD1i (jD2i) is the
approximately CP-odd (CP-even) eigenstate, the following
relations hold, x12≈x and y12 ≈ y, up to corrections quad-
ratic in the CP violation parameter sinϕ12 [21,22,36]. In this
parametrization, the parameter ΔYf defined in Eq. (A6) is
equal to
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where ϕλf is defined as ϕλf ≡ arg½−ðqĀfÞ=ðpAfÞ'.
Neglecting terms of order higher than 1 in the CP-violation
parameters ðjq=pj − 1Þ, sinϕλf and adf, Eq. (A11) can be
written as
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Finally, the dependence on the final state can be separated
from the universal component by defining ϕλf ≡ ϕ2 − δϕf

(see Ref. [21]), where ϕ2 is a final-state independent weak
phase dubbed ϕ by the HFLAV collaboration [46] and δϕf is
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expected to be of  due to large rescattering at the charm mass scale.
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by modeling the time distributions of D0 → f and
D0 → K−πþ decays [see Eqs. (A2) and (B2)] with an
exponential function, expð−Γ̂τÞ, and assuming that the
effective decay width Γ̂ is equal to unity for D0 → K−πþ

decays. This method neglects the contributions to the
effective decay widths from c0$f , assuming that
Γ̂D0=D̄0→f ¼ 1 − c$f . The AΓ observable, which has been
used as alternative to ΔYf in Refs. [26,74,75], is similarly
defined as the asymmetry of the effective decay widths of
D0 and D̄0 mesons into the final state f,
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where the yfCP parameter is defined as yfCP≡−ðcþf þc−f Þ=2
and is equal to y12 up to second order in the CP-violation
parameters defined above. However, as the statistical
precision improves, approximating the time-dependent
decay widths with the effective ones might not be a good
approximation any longer, since CP-even corrections
to the exponential decay rate quadratic in the mixing
parameters might be of the same order as the CP-odd
first-order ones.
On the contrary, the definition of ACPðtÞ in Eq. (1)

employed in Refs. [42–45,71] and in the present article
is always dominated by the first-order terms, since the
CP-even second-order terms cancel in the difference in
the numerator. In particular, the coefficient of the linear
expansion of ACPðtÞ in Eq. (2) is equal to ΔYf up to a
multiplicative factor of4jAfj2jĀfj2=ðjAfj2 þ jĀfj2Þ2, whose
difference with unity is approximately equal to ðadfÞ2=2≲
10−6 [6,41]. This coefficient has been denoted as −Af

Γ in
Refs. [42–45,71], neglecting the 1% correction due to yfCP
in Eq. (A9).
The final-state dependent contributions to ΔYf in

Eq. (A6) can be isolated by defining ϕM
f ≡ ϕM

2 þ δϕf,
where ϕM

2 is the intrinsic CP-violating mixing phase of D0

mesons, defined as the argument of the dispersive mixing
amplitude M12 with respect to its dominant ΔU ¼ 2
component, and δϕf is the relative weak phase of the
subleading amplitude responsible for CP violation in the
decay with respect to the dominant decay amplitude [21].
By defining δf the strong-phase analog of δϕf, and using
δϕf ¼ −adf cot δf, Eq. (A6) can be written as

ΔYf ≈ −x12 sinϕM
2 þ y12adf

!
1þ x12

y12
cot δf

"
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where the first term is universal and the second encloses the
final-state dependence. The term y12jadfj is estimated to be
less than 0.1 × 10−4 by using available experimental data
[6,46] and the minimal assumption that adKþK− and adπþπ−
have opposite signs, which is motivated by U-spin sym-
metry arguments as well as by experimental evidence
[6,27]. The factor x12

y12
cot δf can enhance the dependence

on the final state, even though the phase δf is expected to be
of Oð1Þ due to large rescattering at the charm mass scale.
On the other hand, the SM predictions for ϕM

2 are of
the order 2 mrad or less [21,31–33], even though
enhancements up to one order of magnitude due to low-
energy nonperturbative strong interactions cannot be
excluded [21,32].
An alternative parametrization of CP violation and

mixing is based on the explicit expansion of the mass
eigenstates of H in terms of the flavor eigenstates, jD1;2i≡
pjD0i$ qjD̄0i, with jpj2 þ jqj2 ¼ 1 (CPT invariance is
assumed). The corresponding mixing parameters are defined
as x≡ ðm2 −m1Þ=Γ and y≡ ðΓ2 − Γ1Þ=ð2ΓÞ, where m1;2
and Γ1;2 are the masses and decay widths of the mass
eigenstates. Adopting the convention that jD1i (jD2i) is the
approximately CP-odd (CP-even) eigenstate, the following
relations hold, x12≈x and y12 ≈ y, up to corrections quad-
ratic in the CP violation parameter sinϕ12 [21,22,36]. In this
parametrization, the parameter ΔYf defined in Eq. (A6) is
equal to
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Āf

$$$$

"
x sinϕλf

−
!$$$$

q
p

$$$$

$$$$
Āf
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where ϕλf is defined as ϕλf ≡ arg½−ðqĀfÞ=ðpAfÞ'.
Neglecting terms of order higher than 1 in the CP-violation
parameters ðjq=pj − 1Þ, sinϕλf and adf, Eq. (A11) can be
written as

ΔYf ≈ x sinϕλf − y
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Finally, the dependence on the final state can be separated
from the universal component by defining ϕλf ≡ ϕ2 − δϕf

(see Ref. [21]), where ϕ2 is a final-state independent weak
phase dubbed ϕ by the HFLAV collaboration [46] and δϕf is
the same as above, obtaining

ΔYf ≈ x sinϕ2 − y
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ΔYKþK− ¼ ð−0.3$ 1.3$ 0.3Þ × 10−4;

ΔYπþπ− ¼ ð−3.6$ 2.4$ 0.4Þ × 10−4;

ΔY ¼ ð−1.0$ 1.1$ 0.3Þ × 10−4;

ΔYKþK− − ΔYπþπ− ¼ ðþ3.3$ 2.7$ 0.2Þ × 10−4:

Finally, the arithmetic average of ΔYKþK− and ΔYπþπ− ,
which would allow final-state dependent contributions to
be suppressed by a factor of ϵ [21], where ϵ is the parameter
quantifying the breaking of the U-spin symmetry in these
decays, is

1

2
ðΔYKþK− þ ΔYπþπ−Þ ¼ ð−1.9$ 1.3$ 0.4Þ × 10−4:

These results are consistent with no time-dependent CP
violation in D0 → KþK− and D0 → πþπ− decays, and
improve by nearly a factor of 2 on the precision of the
previous world average [46].
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APPENDIX A: FORMALISM

The theoretical parametrization of the D0 decay rates is
introduced in Ref. [21], where the following phases

are defined for the decays into Cabibbo-suppressed CP
eigenstates:

ϕM
f ≡ arg
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M12

Af

Āf

"
; ϕΓ
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!
Γ12
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Āf

"
: ðA1Þ

Here,M12 and Γ12 are the off-diagonal elements of the two
Hermitian matrices defined by H ≡M − i

2Γ, where H is
the 2 × 2 effective Hamiltonian governing the evolution of
the D0–D̄0 system, and Af ≡ hfjHjD0i (Āf ≡ hfjHjD̄0i)
is the decay amplitude of a D0 (D̄0) meson into the final
state f, with H the jΔCj ¼ 1 effective Hamiltonian. The
time-dependent decay rates into the final state f can be
parametrized to second order in the mixing parameters as

ΓðD0 → f; tÞ≡ e−τjAfj2ð1þ cþf τ þ c0þf τ2Þ;

ΓðD̄0 → f; tÞ≡ e−τjĀfj2ð1þ c−f τ þ c0−f τ2Þ; ðA2Þ

where τ is defined as τ≡ Γt, a normalisation factor
common to the two equations is implicit, and the coef-
ficients c$f and c0$f are equal to

c$f ¼ ½∓x12 sinϕM
f − y12 cosϕΓ

f '
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where ϕ12 ≡ argðM12=Γ12Þ ¼ ϕM
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f . In the approxi-
mate expressions, the relation

adf ≡
jAfj2 − jĀfj2

jAfj2 þ jĀfj2
≈ 1−

####
Āf

Af

#### ðA5Þ

has been used, and all terms have been expanded to first
order in theCP -violation parameters adf, sinϕ

M
f and sinϕΓ

f .
Both phases ϕM

f and ϕΓ
f are measured to be approximately

equal to zero rather than π with a significance greater than 5
standard deviations [21,30,46].
The ΔYf parameter is defined as [21]

ΔYf ≡
cþf − c−f

2
≈ ð−x12 sinϕM

f þ y12adfÞ; ðA6Þ

and has first been measured (although with a relative minus
sign in the definition of ΔY) in Ref. [24] as
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ΔYKþK− ¼ ð−0.3$ 1.3$ 0.3Þ × 10−4;

ΔYπþπ− ¼ ð−3.6$ 2.4$ 0.4Þ × 10−4;

ΔY ¼ ð−1.0$ 1.1$ 0.3Þ × 10−4;

ΔYKþK− − ΔYπþπ− ¼ ðþ3.3$ 2.7$ 0.2Þ × 10−4:

Finally, the arithmetic average of ΔYKþK− and ΔYπþπ− ,
which would allow final-state dependent contributions to
be suppressed by a factor of ϵ [21], where ϵ is the parameter
quantifying the breaking of the U-spin symmetry in these
decays, is

1

2
ðΔYKþK− þ ΔYπþπ−Þ ¼ ð−1.9$ 1.3$ 0.4Þ × 10−4:

These results are consistent with no time-dependent CP
violation in D0 → KþK− and D0 → πþπ− decays, and
improve by nearly a factor of 2 on the precision of the
previous world average [46].
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Here,M12 and Γ12 are the off-diagonal elements of the two
Hermitian matrices defined by H ≡M − i

2Γ, where H is
the 2 × 2 effective Hamiltonian governing the evolution of
the D0–D̄0 system, and Af ≡ hfjHjD0i (Āf ≡ hfjHjD̄0i)
is the decay amplitude of a D0 (D̄0) meson into the final
state f, with H the jΔCj ¼ 1 effective Hamiltonian. The
time-dependent decay rates into the final state f can be
parametrized to second order in the mixing parameters as

ΓðD0 → f; tÞ≡ e−τjAfj2ð1þ cþf τ þ c0þf τ2Þ;

ΓðD̄0 → f; tÞ≡ e−τjĀfj2ð1þ c−f τ þ c0−f τ2Þ; ðA2Þ

where τ is defined as τ≡ Γt, a normalisation factor
common to the two equations is implicit, and the coef-
ficients c$f and c0$f are equal to

c$f ¼ ½∓x12 sinϕM
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has been used, and all terms have been expanded to first
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M
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Less than  by using experimental info on  and .0.1 × 10−4 ad
π+π− ad

K+K−

current experimental sensitivity on both y12 and yCP at
LHCb, an accurate measurement of yCP provides important
constraints on y12.
The previous measurements of yCP performed by the

BABAR [5], Belle [7] and LHCb [9,15] collaborations use
the average decay width of D0 → K−πþ and D̄0 → Kþπ−

decays as a proxy to the decay width Γ. It was recently
shown in Ref. [13] that the use of this proxy inside the
experimental observable of Eq. (1) does not give direct
access to yfCP but rather corresponds to

Γ̂ðD0 → fÞ þ Γ̂ðD̄0 → fÞ
Γ̂ðD0 → K−πþÞ þ Γ̂ðD̄0 → Kþπ−Þ

− 1 ≈ yfCP − yKπCP: ð3Þ

The quantity yKπCP is approximately equal to

yKπCP ≈
ffiffiffiffiffiffi
RD

p
ðx12 cosϕM

2 sin δKπ þ y12 cosϕΓ
2 cos δKπÞ

≈ −0.4 × 10−3; ð4Þ

where RD is the ratio of the branching fractions of the
doubly Cabibbo-suppressed D0 → Kþπ− decay over the
Cabibbo-favored D0 → K−πþ decay. The current best
experimental estimate is

ffiffiffiffiffiffi
RD

p
¼ ð5.87% 0.02Þ × 10−2

[16]. The phase ϕM
2 is equal to the phase of M12 with

respect to its ΔU ¼ 2 dominant contribution, and δKπ is the
strong-phase difference between the doubly Cabibbo-
suppressed and Cabibbo-favored decay amplitudes [11].
In the limit of no CP violation and of U-spin symmetry in
D0 → K∓π% decays, the approximations δKπ ≈ π and
yCP − yKπCP ≈ y12ð1þ

ffiffiffiffiffiffi
RD

p
Þ hold.

The world average value of yCP − yKπCP is measured to be
ð7.19% 1.13Þ × 10−3 [16]. This paper reports a new
measurement of yCP − yKπCP. The result is obtained from a
weighted average of statistically independent measure-
ments with K−Kþ and π−πþ final states, using proton-
proton (pp) collision data collected with the LHCb experi-
ment at a centre-of-mass energy of 13 TeV in the Run 2 data
taking period (2015–2018), corresponding to an integrated
luminosity of 6 fb−1. The D0 mesons are required to
originate from D&ð2010Þþ → D0πþtag decays, such that
their flavor at production is identified by the charge of
the tagging pion, πþtag. The inclusion of charge-conjugate
processes is implied throughout. Hereafter the D&ð2010Þþ
meson is referred to as a D&þ meson.

II. LHCb DETECTOR

The LHCb detector [17,18] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding the

pp interaction region, a large-area silicon-strip detector
located upstream of a dipole magnet with a bending power
of about 4 Tm, and three stations of silicon-strip detectors
and straw drift tubes placed downstream of the magnet. The
tracking system provides a measurement of the momentum,
p, of charged particles with a relative uncertainty varying
from 0.5% at low momentum to 1.0% at 200 GeV=c. The
minimum distance of a track to a primary vertex (PV),
the impact parameter (IP), is measured with a resolution
of ð15þ 29=pTÞ μm, where pT is the component of the
momentum transverse to the beam, in GeV=c. The LHCb
coordinate system is right-handed, with the z axis pointing
along the beam axis, y the vertical direction pointing
upwards, and x the horizontal direction. The origin corre-
sponds to the nominal pp interaction point. The magnetic
field deflects oppositely charged particles in opposite
directions along the x axis, inducing potential detection
asymmetries. Therefore, the magnet polarity is reversed
regularly throughout the data taking to reduce the effects of
detection asymmetries. The two polarities are referred to as
MagUp andMagDown. Different types of charged hadrons
are distinguished using information from two ring-imaging
Cherenkov (RICH) detectors. Photons, electrons and
hadrons are identified by a calorimeter system consisting
of scintillating-pad and preshower detectors, an electro-
magnetic and a hadronic calorimeter. Muons are identified
by a system composed of alternating layers of iron and
multiwire proportional chambers.
The online event selection is performed by a trigger,

which consists of a hardware stage followed by a two-level
software stage, which applies a full event reconstruction.
The good performance of the online reconstruction allows
this measurement to be performed using candidates recon-
structed directly at the trigger level [19,20].
Simulation is used to study the background of secondary

D&þ candidates from B meson decays (Sec. V), and to
validate the analysis procedure. The pp collisions are
generated with PYTHIA [21] with a specific LHCb con-
figuration [22]. The interaction of the simulated particles
with the detector material are described using the GEANT4

toolkit [23,24]. Decays of unstable particles are described
by EvtGen [25], in which final state radiation is generated
using PHOTOS [26]. In addition, fast simulation is generated
with the RapidSim package [27]. RapidSim simulations allow
for a first validation of the analysis procedure (Sec. VI), and
for a description of the background under theD0 mass peak
(Sec. VIII).

III. MEASUREMENT STRATEGY

The parameters yfCP − yKπCP are measured from the decay-
time ratios RfðtÞ ofD0 → f overD0 → K−πþ signal yields
as a function of the reconstructed D0 decay time, t,
assuming all D0 mesons are produced at the PV,
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A measurement of the ratios of the effective decay widths of D0 → π−πþ and D0 → K−Kþ decays over
that of D0 → K−πþ decays is performed with the LHCb experiment using proton–proton collisions at a
centre-of-mass energy of 13 TeV, corresponding to an integrated luminosity of 6 fb−1. These observables
give access to the charm mixing parameters yππCP − yKπ

CP and yKK
CP − yKπ

CP, and are measured as
yππCP − yKπ

CP ¼ ð6.57$ 0.53$ 0.16Þ × 10−3, yKK
CP − yKπ

CP ¼ ð7.08$ 0.30$ 0.14Þ × 10−3, where the first
uncertainties are statistical and the second systematic. The combination of the two measurements is
yCP − yKπ

CP ¼ ð6.96$ 0.26$ 0.13Þ × 10−3, which is four times more precise than the previous world
average.
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I. INTRODUCTION

Neutral charm mesons can change their flavor and turn
into their antimeson counterpart before they decay. This
phenomenon, known as D0–D̄0 mixing, does not occur at
tree level in the Standard Model and is sensitive to
contributions from new particles arising in extensions of
the Standard Model. The mass eigenstates of neutral charm
mesons can be expressed as a linear combination of their
flavor eigenstates, jD1;2i ¼ pjD0i$ qjD̄0i, where p and q
are complex parameters satisfying jpj2 þ jqj2 ¼ 1.
In the limit of charge-parity (CP) symmetry, the relation
jq=pj ¼ 1 holds. The time evolution of neutral charm
meson systems is governed by the effective Hamiltonian
H ¼ M − i

2Γ, where the Hermitian matrices M and Γ
describe ðD0; D̄0Þ ↔ ðD0; D̄0Þ dispersive transitions
through virtual intermediate states and absorptive transi-
tions through real intermediate states, respectively [1]. The
D0–D̄0 oscillations are described by the two dimensionless
parameters x12 ¼ 2jM12=Γj and y12 ¼ jΓ12=Γj [2,3], where
Γ ¼ ðΓ1 þ Γ2Þ=2 is the average decay width of the D1 and
D2 states, and M12 (Γ12) is the off-diagonal element of
matrix M (Γ). The values of x12 and y12 are of the order of
half a percent and have been measured to be significantly
different from zero [4–11].

The nonzero value of y12 implies that the time-dependent
decay rate of Cabibbo-suppressed D0 → f decays, with
f ¼ K−Kþ; π−πþ final states, is described by an exponen-
tial function with an effective decay width Γ̂ that differs
slightly from Γ. The departure from unity of the ratio of the
effective decay widths of D0 → π−πþ and D0 → K−Kþ

decays over that ofD0 → K−πþ decays is measured via the
observable [1]

yfCP ¼ Γ̂ðD0 → fÞ þ Γ̂ðD̄0 → fÞ
2Γ

− 1: ð1Þ

The above quantity can be approximated as [12]

yfCP ¼ y12 cosϕΓ
f; ð2Þ

where ϕΓ
f ¼ arg ðΓ12Af=ĀfÞ describes the CP -violating

phase difference of the interference between decay ampli-
tudes with and without absorptive mixing [2,3], and Af

(Āf)is the decay amplitude of a D0 (D̄0) meson to the final
state f. Any deviation of yfCP from y12 would be a sign of
CP violation. At the current experimental sensitivity, final-
state dependent contributions to yfCP can be neglected in the
limit where the phase ϕΓ

f is replaced by the universal phase
ϕΓ
2 , and yCP ≈ y12 cosϕΓ

2 [12]. The parameter y12 is equal
to jyj≡ jΓ1 − Γ2j=2Γ up to second order CP violation
effects [12], where the best experimental estimate is
y ¼ ð6.30þ0.33

−0.30Þ × 10−3 [11]. The current world average
gives ϕΓ

2 ¼ ð48þ29
−28Þ mrad [13,14], implying that

jy12 − yCPj < 3 × 10−5 at 95% confidence level. Since this
upper limit is about one order of magnitude smaller than the
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yππCP − yKπCP ¼ ð6.57# 0.53# 0.16Þ × 10−3;

yKKCP − yKπCP ¼ ð7.08# 0.30# 0.14Þ × 10−3;

where the first uncertainties are statistical and the second
systematic. Assuming that all systematic uncertainties are
fully correlated, except those of the peaking background
contributions which are considered as uncorrelated, the
combination of the two measurements yields

yCP − yKπCP ¼ ð6.96# 0.26# 0.13Þ × 10−3:

This result is compatible with the present world average [16]
and more precise by a factor of four.
A combination of LHCb charm measurements is per-

formed using the statistical framework detailed in Ref. [11].
When the present result is added, the mixing parameter
y is found to be equal to y ¼ ð6.46#þ0.24

−0.25Þ × 10−3,
improving its current sensitivity by more than a factor of
two [16]. In addition, the strong phase difference between
the D0 → K∓π# decay amplitudes is δKπ ¼ ð192.1þ3.7

−4.0Þ∘
and departs from 180° by about three standard
deviations, indicating an evidence for U-spin symmetry
breaking.
The precision on y and δKπ can be further reduced by a

simultaneous combination of charm results with measure-
ments of the Cabibbo-Kobayashi-Maskawa angle γ in
beauty decays, as first done in Ref. [11]. This will be
the subject of a separate publication.
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current experimental sensitivity on both y12 and yCP at
LHCb, an accurate measurement of yCP provides important
constraints on y12.
The previous measurements of yCP performed by the

BABAR [5], Belle [7] and LHCb [9,15] collaborations use
the average decay width of D0 → K−πþ and D̄0 → Kþπ−

decays as a proxy to the decay width Γ. It was recently
shown in Ref. [13] that the use of this proxy inside the
experimental observable of Eq. (1) does not give direct
access to yfCP but rather corresponds to

Γ̂ðD0 → fÞ þ Γ̂ðD̄0 → fÞ
Γ̂ðD0 → K−πþÞ þ Γ̂ðD̄0 → Kþπ−Þ

− 1 ≈ yfCP − yKπCP: ð3Þ

The quantity yKπCP is approximately equal to

yKπCP ≈
ffiffiffiffiffiffi
RD

p
ðx12 cosϕM

2 sin δKπ þ y12 cosϕΓ
2 cos δKπÞ

≈ −0.4 × 10−3; ð4Þ

where RD is the ratio of the branching fractions of the
doubly Cabibbo-suppressed D0 → Kþπ− decay over the
Cabibbo-favored D0 → K−πþ decay. The current best
experimental estimate is

ffiffiffiffiffiffi
RD

p
¼ ð5.87% 0.02Þ × 10−2

[16]. The phase ϕM
2 is equal to the phase of M12 with

respect to its ΔU ¼ 2 dominant contribution, and δKπ is the
strong-phase difference between the doubly Cabibbo-
suppressed and Cabibbo-favored decay amplitudes [11].
In the limit of no CP violation and of U-spin symmetry in
D0 → K∓π% decays, the approximations δKπ ≈ π and
yCP − yKπCP ≈ y12ð1þ

ffiffiffiffiffiffi
RD

p
Þ hold.

The world average value of yCP − yKπCP is measured to be
ð7.19% 1.13Þ × 10−3 [16]. This paper reports a new
measurement of yCP − yKπCP. The result is obtained from a
weighted average of statistically independent measure-
ments with K−Kþ and π−πþ final states, using proton-
proton (pp) collision data collected with the LHCb experi-
ment at a centre-of-mass energy of 13 TeV in the Run 2 data
taking period (2015–2018), corresponding to an integrated
luminosity of 6 fb−1. The D0 mesons are required to
originate from D&ð2010Þþ → D0πþtag decays, such that
their flavor at production is identified by the charge of
the tagging pion, πþtag. The inclusion of charge-conjugate
processes is implied throughout. Hereafter the D&ð2010Þþ
meson is referred to as a D&þ meson.

II. LHCb DETECTOR

The LHCb detector [17,18] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding the

pp interaction region, a large-area silicon-strip detector
located upstream of a dipole magnet with a bending power
of about 4 Tm, and three stations of silicon-strip detectors
and straw drift tubes placed downstream of the magnet. The
tracking system provides a measurement of the momentum,
p, of charged particles with a relative uncertainty varying
from 0.5% at low momentum to 1.0% at 200 GeV=c. The
minimum distance of a track to a primary vertex (PV),
the impact parameter (IP), is measured with a resolution
of ð15þ 29=pTÞ μm, where pT is the component of the
momentum transverse to the beam, in GeV=c. The LHCb
coordinate system is right-handed, with the z axis pointing
along the beam axis, y the vertical direction pointing
upwards, and x the horizontal direction. The origin corre-
sponds to the nominal pp interaction point. The magnetic
field deflects oppositely charged particles in opposite
directions along the x axis, inducing potential detection
asymmetries. Therefore, the magnet polarity is reversed
regularly throughout the data taking to reduce the effects of
detection asymmetries. The two polarities are referred to as
MagUp andMagDown. Different types of charged hadrons
are distinguished using information from two ring-imaging
Cherenkov (RICH) detectors. Photons, electrons and
hadrons are identified by a calorimeter system consisting
of scintillating-pad and preshower detectors, an electro-
magnetic and a hadronic calorimeter. Muons are identified
by a system composed of alternating layers of iron and
multiwire proportional chambers.
The online event selection is performed by a trigger,

which consists of a hardware stage followed by a two-level
software stage, which applies a full event reconstruction.
The good performance of the online reconstruction allows
this measurement to be performed using candidates recon-
structed directly at the trigger level [19,20].
Simulation is used to study the background of secondary

D&þ candidates from B meson decays (Sec. V), and to
validate the analysis procedure. The pp collisions are
generated with PYTHIA [21] with a specific LHCb con-
figuration [22]. The interaction of the simulated particles
with the detector material are described using the GEANT4

toolkit [23,24]. Decays of unstable particles are described
by EvtGen [25], in which final state radiation is generated
using PHOTOS [26]. In addition, fast simulation is generated
with the RapidSim package [27]. RapidSim simulations allow
for a first validation of the analysis procedure (Sec. VI), and
for a description of the background under theD0 mass peak
(Sec. VIII).

III. MEASUREMENT STRATEGY

The parameters yfCP − yKπCP are measured from the decay-
time ratios RfðtÞ ofD0 → f overD0 → K−πþ signal yields
as a function of the reconstructed D0 decay time, t,
assuming all D0 mesons are produced at the PV,
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experimental estimate is

ffiffiffiffiffiffi
RD

p
¼ ð5.87% 0.02Þ × 10−2

[16]. The phase ϕM
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In the limit of no CP violation and of U-spin symmetry in
D0 → K∓π% decays, the approximations δKπ ≈ π and
yCP − yKπCP ≈ y12ð1þ

ffiffiffiffiffiffi
RD

p
Þ hold.
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ð7.19% 1.13Þ × 10−3 [16]. This paper reports a new
measurement of yCP − yKπCP. The result is obtained from a
weighted average of statistically independent measure-
ments with K−Kþ and π−πþ final states, using proton-
proton (pp) collision data collected with the LHCb experi-
ment at a centre-of-mass energy of 13 TeV in the Run 2 data
taking period (2015–2018), corresponding to an integrated
luminosity of 6 fb−1. The D0 mesons are required to
originate from D&ð2010Þþ → D0πþtag decays, such that
their flavor at production is identified by the charge of
the tagging pion, πþtag. The inclusion of charge-conjugate
processes is implied throughout. Hereafter the D&ð2010Þþ
meson is referred to as a D&þ meson.

II. LHCb DETECTOR

The LHCb detector [17,18] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding the

pp interaction region, a large-area silicon-strip detector
located upstream of a dipole magnet with a bending power
of about 4 Tm, and three stations of silicon-strip detectors
and straw drift tubes placed downstream of the magnet. The
tracking system provides a measurement of the momentum,
p, of charged particles with a relative uncertainty varying
from 0.5% at low momentum to 1.0% at 200 GeV=c. The
minimum distance of a track to a primary vertex (PV),
the impact parameter (IP), is measured with a resolution
of ð15þ 29=pTÞ μm, where pT is the component of the
momentum transverse to the beam, in GeV=c. The LHCb
coordinate system is right-handed, with the z axis pointing
along the beam axis, y the vertical direction pointing
upwards, and x the horizontal direction. The origin corre-
sponds to the nominal pp interaction point. The magnetic
field deflects oppositely charged particles in opposite
directions along the x axis, inducing potential detection
asymmetries. Therefore, the magnet polarity is reversed
regularly throughout the data taking to reduce the effects of
detection asymmetries. The two polarities are referred to as
MagUp andMagDown. Different types of charged hadrons
are distinguished using information from two ring-imaging
Cherenkov (RICH) detectors. Photons, electrons and
hadrons are identified by a calorimeter system consisting
of scintillating-pad and preshower detectors, an electro-
magnetic and a hadronic calorimeter. Muons are identified
by a system composed of alternating layers of iron and
multiwire proportional chambers.
The online event selection is performed by a trigger,

which consists of a hardware stage followed by a two-level
software stage, which applies a full event reconstruction.
The good performance of the online reconstruction allows
this measurement to be performed using candidates recon-
structed directly at the trigger level [19,20].
Simulation is used to study the background of secondary

D&þ candidates from B meson decays (Sec. V), and to
validate the analysis procedure. The pp collisions are
generated with PYTHIA [21] with a specific LHCb con-
figuration [22]. The interaction of the simulated particles
with the detector material are described using the GEANT4

toolkit [23,24]. Decays of unstable particles are described
by EvtGen [25], in which final state radiation is generated
using PHOTOS [26]. In addition, fast simulation is generated
with the RapidSim package [27]. RapidSim simulations allow
for a first validation of the analysis procedure (Sec. VI), and
for a description of the background under theD0 mass peak
(Sec. VIII).

III. MEASUREMENT STRATEGY

The parameters yfCP − yKπCP are measured from the decay-
time ratios RfðtÞ ofD0 → f overD0 → K−πþ signal yields
as a function of the reconstructed D0 decay time, t,
assuming all D0 mesons are produced at the PV,
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Abstract

A combination of measurements sensitive to the CP -violation angle ω of the Cabibbo–
Kobayashi–Maskawa unitarity triangle, to the charm mixing parameters that de-
scribe oscillations between D0 and D0 mesons, and to the CP asymmetries in the
D0

→ K+K→ and D0
→ ε+ε→ decays is performed. All relevant beauty and charm

results obtained with the data collected during the first two runs of the LHCb
experiment at CERN’s Large Hadron Collider are included, with three new inputs
compared to the combination presented in 2024. The CKM angle ω is found to be
(62.8 ± 2.6)↑. External measurements from charm factories are incorporated to con-
strain CP -conserving phases in D-meson decays. The neutral charm-meson mixing
parameters are determined to be x = (0.391 ± 0.042)% and y = (0.625 ± 0.020)%,
and the parameters quantifying time-dependent CP violation in D0 decays to be
|q/p| = 0.990+0.011

→0.012 and ϑ = (↑1.2 ± 0.9)↑.

© 2025 CERN for the benefit of the LHCb collaboration. CC BY 4.0 licence.

†Conference report prepared for the 2025 LHCb Implications Workshop (Geneva, Switzerland, 4–7 Novem-
ber 2025). Contact authors: Jordy Butter, jordy.butter@cern.ch Tim Evans, timothy.david.evans@cern.ch
Alex Gilman, alexander.leon.gilman@cern.ch Matthew Kenzie, matthew.william.kenzie@cern.ch, Tom-
maso Pajero, tommaso.pajero@cern.ch, Mark Whitehead, mark.peter.whitehead@cern.ch.
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Figure 5: Profile-likelihood contours for the charm-mixing and CP -violation parameters, showing
the breakdown of sensitivity amongst di!erent decay modes. Relevant external inputs from
Table 2 are also included in the displayed subsets of the total combination. Contours are
displayed at the 1ω and 2ω confidence levels, encompassing 68.3% and 95.4% of the distribution,
respectively. In the right plot, the red contours corresponding to the fit using all charm inputs
are hidden below the blue ones that also include beauty inputs, which do not significantly
improve the precision. The following parameters are fixed to their best-fit values: rKω

D , εKω
D ,

|q/p| and ϑ for the D0
→ h+h→ subcombination in the left plot; x and y for all subcombinations,

and additionally rKω
D and εKω

D for the D0
→ h+h→ subcombination, in the right plot.
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Table 2: Auxiliary inputs used in the combination. Those highlighted in bold are new or have
changed since the previous combination [16]. In the sixth line, the same notation as Ref. [62] is
adopted, which uses AKω to refer to the di!erence in the D → K+ω→ decay rate decaying against
CP -even and CP -odd decays, not to be confused with the CP asymmetry in the D0

→ K+ω→

decay.

Decay Parameters Source Ref. Status since

Ref. [16]

B±
→ DK↑± ωDK→±

B± LHCb [63] As before

B0
→ DK↑0 ωDK→0

B0 LHCb [64] As before

B0
→ D↓ε± ϑ HFLAV [14] As before

B0
s → D↓

s K±(εε) ϖs LHCb [65] As before

D → K+ε→ cos ϱKω
D , sin ϱKω

D , (rKω
D )2, x2, y CLEO-c [66] As before

D → K+ε→ AKω, Aωωω0

Kω , rKω
D cos ϱKω

D , rKω
D sin ϱKω

D BESIII [62, 67, 68] Updated

D → h+h→ε0 F+
ωωω0 , F+

KKω0 CLEO-c [69] As before

D → h+h→ε0 F+
ωωω0 , F+

KKω0 BESIII [70] New

D → ε+ε→ε+ε→ F+
4ω CLEO-c+BESIII [69, 71] As before

D → K+K→ε+ε→ F+
KKωω BESIII [72] As before

D → K+ε→ε0 rKωω0

D , ϱKωω0

D , ωKωω0

D CLEO-c+LHCb+BESIII [25, 26] As before

D → K±ε↓ε+ε→ rK3ω
D , ϱK3ω

D , ωK3ω
D CLEO-c+LHCb+BESIII [25, 26] As before

D → K0
SK

±ε↓ r
K0

SKω
D , ϱ

K0
SKω

D , ω
K0

SKω
D CLEO-c [73] As before

D → K0
SK

±ε↓ r
K0

SKω
D LHCb [74] As before

Table 3: Best-fit values and 68.3% CL uncertainties for the parameters of interest relevant to
the updated results.

Parameter Value

ς [↔] 62.8 ± 2.6
rDK±

B± [%] 9.72+0.19
→0.18

ϱDK±

B± [↔] 123.3+2.8
→3.0

rDω±

B± [%] 0.49+0.06
→0.05

ϱDω±

B± [↔] 282.9+9.8
→10.4

x [%] 0.391 ± 0.042
y [%] 0.625 ± 0.020
rKω
D [%] 5.857 ± 0.009

ϱKω
D [↔] 192.7 ± 2.3

|q/p| 0.990+0.011
→0.012

ϖ [↔] ↑1.2 ± 0.9

on previous simulation studies [16] (Plugin). All uncertainty rescaling e!ects increase the83

uncertainties by O (10%) or less. The correlation matrix for this subset of parameters is84

given in Appendix A, while the contribution of each input measurement to the φ2 value is85

given in Appendix B. The values for all parameters reported in Ref. [16], but not reported86

here, remain largely una!ected.87
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Table 1: Measurements used in the combination. Those that are new or have changed since
the previous combination [16] are highlighted in bold. In the table, “PR” (for “partially
reconstructed”) refers to measurements where the ω or ε0 from D→

→ ω/ε0D decays is not
reconstructed, and “FR” refers to measurements where a D→

→ ω/ε0D candidate is fully
reconstructed. While the same notation y↑ is used for the observable measuring charm mixing
in D0

→ K±ε↓ and D0
→K±ε↓ε+ε↔decays, in keeping with the original publications [21,

22, 27, 28], these observables correspond to di!erent linear combinations of the charm-mixing
parameters, where the coe”cients are the sine and cosine of the strong phase of the relevant
decay, and are thus independent. Where multiple references are cited, measured values are taken
from the most recent results, which include information from the others.

B decay D decay Ref. Dataset Status since Ref. [16]

B±
→ Dh± D → h±h↑↓ [29] Run 1&2 As before

B±
→ Dh± D → h+h↔ω+ω↔ [30] Run 1&2 As before

B±
→ Dh± D → h+h↔ω+ω↔ [20] Run 1&2 New

B±
→ Dh± D → K±ω↓ω+ω↔ [24] Run 1&2 As before

B±
→ Dh± D → h±h↑↓ω0 [31] Run 1&2 As before

B±
→ Dh± D → K0

Sh
+h↔ [32] Run 1&2 As before

B±
→ Dh± D → K0

SK
±ω↓ [33] Run 1&2 As before

B±
→ D→h± D → h±h↑↓ (PR) [29] Run 1&2 As before

B±
→ D→h± D → K0

Sh
+h↔ (PR) [34] Run 1&2 As before

B±
→ D→h± D → K0

Sh
+h↔ (FR) [35] Run 1&2 As before

B±
→ DK→± D → h±h↑↓ [36] Run 1&2 As before

B±
→ DK→± D → h±ω↓ω+ω↔ [36] Run 1&2 As before

B±
→ DK→± D → K0

Sh
+h↔ [36] Run 1&2 As before

B±
→ Dh±ω+ω↔ D → h±h↑↓ [37] Run 1 As before

B0
→ DK→0 D → h±h↑↓ [38] Run 1&2 As before

B0
→ DK→0 D → h±ω↓ω+ω↔ [38] Run 1&2 As before

B0
→ DK→0 D → K0

Sh
+h↔ [39] Run 1&2 As before

B0
→ D↓ω± D+

→ K↔ω+ω+ [40] Run 1 As before
B0

s → D↓
s K± D+

s → h+h↔ω+ [41, 42] Run 1&2 As before
B0

s → D↓
s K±ω+ω↔ D+

s → h+h↔ω+ [43] Run 1&2 As before

D decay Observable(s) Ref. Dataset Status since Ref. [16]

D0
→ h+h↔ !ACP [44–46] Run 1&2 As before

D0
→ K+K↔ ACP (K+K↔) [46–48] Run 2 As before

D0
→ h+h↔ yCP ↑ yK→ω+

CP [49, 50] Run 1&2 As before
D0

→ h+h↔ !Y [51–54] Run 1&2 As before
D0

→ K±ω↓ (double tag) R±, (x↑±)2, y↑± [21, 27] Run 1&2 Updated

D0
→ K±ω↓ (single tag) RKω,

(↑)

AKω, c(↑)
Kω, !

(↑)

c
(↑)

Kω [55, 56] Run 1&2 As before
D0

→K±ω↓ω+ω↔ r, εy↑, (x2 + y2)/4 [28] Run 1 As before
D0

→K±ω↓ω+ω↔ r±
i , (εy↑±)i, x2± + y2± [22] Run 2 New

D0
→ K0

Sω
+ω↔ x, y [57] Run 1 As before

D0
→ K0

Sω
+ω↔ xCP , yCP , !x, !y [58] Run 1 As before

D0
→ K0

Sω
+ω↔ xCP , yCP , !x, !y [59, 60] Run 2 As before

D0
→ ω+ω↔ω0 !Y e! [61] Run 2 As before
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