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Introduction
• The Charm sector offers a unique environment to search for New Physics and is 

the only way to study mixing and CPV with up-type quarks
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Very small SM predictions  High sensitivity to New Physics→
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Measuring asymmetries
• Measurement of time integrated CP asymmetries → ACP(Xc → f ) =

Γ(Xc → f ) − Γ(Xc → f )
Γ(Xc → f ) + Γ(Xc → f )

AD( f |pT, η) =
ε( f ) − ε( f )
ε( f ) + ε( f )

AP(Xc | s, pT, η) =
𝒫(pp → Xc) − 𝒫(pp → Xc)
𝒫(pp → Xc) + 𝒫(pp → Xc)

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

≈ ACP + AD( f ) + AP(Xc)

Detection effects Production asymmetriesA precise knowledge of 
nuisance asymmetries is 

required

• Experimentally

• With neutral mesons, mixing plays a role  time dependence→
ACP(D0 → f, t) ≈ adir

CP +
t

τD0
ΔYf

Time independent direct CP violation

Asymmetry of the effective decay widths

[Phys. Rev. Lett. 118, 261803]

Charm mesons slow 
mixing rate

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.261803
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Measurements highlights
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[Phys. Rev. Lett. 122, 211803]

[Phys. Rev. Lett. 131, 091802]

• Discovery of CPV in Charm decays in 2019

ΔACP = ACP(K+K−) − ACP(π+π−) = (−15.4 ± 2.9) × 10−4

Exploit nuisance asymmetries cancellation

• Combining  with results of ΔACP ACP(K+K−)

is split by di↵erent data-taking periods, also distinguishing di↵erent magnet polarities.
Splitting into subsamples based on the trigger configuration is also considered. The p-
values under the hypothesis of no dependencies of ACP (K�K+) on the various variables are
found to be uniformly distributed. Checks using alternative PID requirements and trigger
selections are performed, and all variations of ACP (K�K+) are found to be compatible
within statistical uncertainties. The resulting values for ACP (K�K+) for both calibration
procedures are

CD+ : A
CP (K�K+)= [13.6± 8.8 (stat)± 1.6 (syst)]⇥ 10�4,

CD+
s
: A

CP (K�K+)= [ 2.8± 6.7 (stat)± 2.0 (syst)]⇥ 10�4,

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

A
CP (K�K+) = [6.8± 5.4 (stat)± 1.6 (syst)]⇥ 10�4,

consistent with the previous results [51, 56, 58]. 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 [59] gives a compatibility of 1.3 standard deviations.

A combination of all the time-integrated CP asymmetries 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. �YK�K+ = �Y⇡�⇡+ = �Y , as
the final-state dependent contributions are estimated to be of the order of 10�5 [39].
The combination includes the previous LHCb measurements of ACP (K�K+) [56, 58] and
�ACP [13,50,56] as well as the current LHCb average of �Y [39], the world average of the
D0 lifetime [49] and the values of reconstructed mean decay times for the D0

! K�K+

and D0
! ⇡�⇡+ decays in the various analysis. The combination, obtained by minimizing

a �2 function that includes all the measurements and their correlations, leads to

adK�K+ = ( 7.7± 5.7)⇥ 10�4,

ad⇡�⇡+ = (23.2± 6.1)⇥ 10�4,

where the uncertainties include systematic and statistical contributions with a correlation
coe�cient of 0.88. Figure 2 shows the central values and the confidence regions in
the (adK�K+ , ad⇡�⇡+) plane for this combination and the one realized with data collected
between 2010 and 2012 [50,56,58,60,61]. 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�K+ and D0
! ⇡�⇡+ decays, respectively. This is the first evidence for direct

CP violation in the D0
! ⇡�⇡+ decay. U -spin symmetry implies adK�K+ + ad⇡�⇡+ = 0 [62].

A value of adK�K+ + ad⇡�⇡+ = (30.8± 11.4)⇥ 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�K+ 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.

7

First evidence of CPV in single decay mode ( )3.8σ

U-spin symmetry 
violation ( )2.7σ

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.211803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.091802
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CPV in multi-body charm decays
• Local CP asymmetry can be enhanced [Phys. Rev. Lett. 

124, 031801]  signal channel (S)


Singly Cabibbo suppressed

D+ → K+K−π+

 control channel (C)


Cabibbo favoured  no CPV expected

D+
s → K+K−π+

→

Figure 2: The significance S�CP across the Dalitz plot, which accounts only for the statistical
uncertainty. The inset shows a zoom of the Dalitz plot around the �⇡+ region.
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A i,X
raw =

N i,X
+ − N i,X

−

N i,X
+ + N i,X

−
,  in bin i where X = S, C  are 

also there
AD and AP

ΔA i
CP = A i,S

raw − A i,C
raw − ΔAglobal

raw

 cancellationAD

 cancellationΔAP

• CP asymmetry significance tested in each bin

in each bin i is defined as

A i,X
raw =

N i,X
+ �N i,X

�

N i,X
+ +N i,X

�
, (1)

where X = S,C refers to the signal (S) or control (C) modes, + and � refer to the charge
of the D±

(s) candidates, and N i,X
+(�) is the number of decays X+(�) in bin i, as determined

from mass fits described later. The CP observable is defined as

�A i
CP = A i,S

raw � A i,C
raw ��Aglobal

raw . (2)

The term �Aglobal
raw is the global di↵erence in asymmetries averaged over all bins in the

Dalitz plot,

�Aglobal
raw =

NbinsX

i

A i,S
raw � A i,C

raw

�2
A i,S

raw
+ �2

A i,C
raw

NbinsX

i

1

�2
A i,S

raw
+ �2

A i,C
raw

, (3)

where �A i,X
raw

are the A i,X
raw uncertainties. Any di↵erence between the global asymmetries in

the two decays is cancelled by this term which, in the absence of CP violation, corresponds
to the di↵erence between the D+ and D+

s production asymmetries. The A i,C
raw term cancels

out instrumental asymmetries from the raw signal asymmetry in bin i.
To build the �2 test-statistic, the significance of �Ai

CP ,

S i
�CP

=
�Ai

CP

��Ai
CP

, (4)

is used, where ��Ai
CP

is the �Ai
CP statistical uncertainty and accounts for the correlations

between the individual per-bin asymmetries and the global di↵erence of asymmetries.
The expressions for ��Ai

CP
and �

�A
global
raw

are presented in Eq. 7 and Eq. 8 in the Appendix.

Under the hypothesis of CP symmetry, S i
�CP

follows a standard normal distribution, as
validated using pseudoexperiments.

The test-statistic is then defined as

�2(S�CP ) =
NbinsX

i

(S i
�CP

)2, (5)

from which a p-value for the hypothesis of no localized CP violation can be extracted.
The Dalitz plots for the signal and control samples are depicted in Fig. 1, where the

binning scheme is overlaid. In this plot, s(K�⇡+) and s(K�K+) represent the squared
invariant masses of the K�⇡+ and K�K+ systems, respectively. For the purpose of this
plot, background subtraction is performed using the sPlot technique [35], based on D+

and D+
s invariant-mass fits.

The binning scheme is designed to exploit the resonant structures in the
D+ ! K�K+⇡+ decay, which are similar to those in the D+

s ! K�K+⇡+ decay. Key
features in these decays are the K⇤(892)0 and �(1020) vector resonances, prominently
visible around s(K�⇡+) = m2

K⇤0 and s(K�K+) = m2
�. Vector resonance distributions

in the Dalitz plot present a node, shown more explicitly in the inset of Fig. 1 for the �
case. The rectangular areas around the two resonances are divided into four bins with

3

Test statistic assuming 
CP symmetry

in each bin i is defined as

A i,X
raw =

N i,X
+ �N i,X

�

N i,X
+ +N i,X

�
, (1)

where X = S,C refers to the signal (S) or control (C) modes, + and � refer to the charge
of the D±

(s) candidates, and N i,X
+(�) is the number of decays X+(�) in bin i, as determined

from mass fits described later. The CP observable is defined as

�A i
CP = A i,S

raw � A i,C
raw ��Aglobal

raw . (2)

The term �Aglobal
raw is the global di↵erence in asymmetries averaged over all bins in the

Dalitz plot,

�Aglobal
raw =

NbinsX

i

A i,S
raw � A i,C

raw

�2
A i,S

raw
+ �2

A i,C
raw

NbinsX

i

1

�2
A i,S

raw
+ �2

A i,C
raw

, (3)

where �A i,X
raw

are the A i,X
raw uncertainties. Any di↵erence between the global asymmetries in

the two decays is cancelled by this term which, in the absence of CP violation, corresponds
to the di↵erence between the D+ and D+

s production asymmetries. The A i,C
raw term cancels

out instrumental asymmetries from the raw signal asymmetry in bin i.
To build the �2 test-statistic, the significance of �Ai

CP ,

S i
�CP

=
�Ai

CP

��Ai
CP

, (4)

is used, where ��Ai
CP

is the �Ai
CP statistical uncertainty and accounts for the correlations

between the individual per-bin asymmetries and the global di↵erence of asymmetries.
The expressions for ��Ai

CP
and �

�A
global
raw

are presented in Eq. 7 and Eq. 8 in the Appendix.

Under the hypothesis of CP symmetry, S i
�CP

follows a standard normal distribution, as
validated using pseudoexperiments.

The test-statistic is then defined as

�2(S�CP ) =
NbinsX

i

(S i
�CP

)2, (5)

from which a p-value for the hypothesis of no localized CP violation can be extracted.
The Dalitz plots for the signal and control samples are depicted in Fig. 1, where the

binning scheme is overlaid. In this plot, s(K�⇡+) and s(K�K+) represent the squared
invariant masses of the K�⇡+ and K�K+ systems, respectively. For the purpose of this
plot, background subtraction is performed using the sPlot technique [35], based on D+

and D+
s invariant-mass fits.

The binning scheme is designed to exploit the resonant structures in the
D+ ! K�K+⇡+ decay, which are similar to those in the D+

s ! K�K+⇡+ decay. Key
features in these decays are the K⇤(892)0 and �(1020) vector resonances, prominently
visible around s(K�⇡+) = m2

K⇤0 and s(K�K+) = m2
�. Vector resonance distributions

in the Dalitz plot present a node, shown more explicitly in the inset of Fig. 1 for the �
case. The rectangular areas around the two resonances are divided into four bins with

3

[arXiv:2409.01414]

No evidence for global CPV  -value for CP conservation → p 8.1 %

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.031801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.031801
https://arxiv.org/abs/2409.01414
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CPV in multi-body charm decays
• The  and  resonances are clearly visible in the Dalitz plotK*(892)0 ϕ(1020)

Figure 1: Dalitz plots for (left) D+ ! K�K+⇡+ and (right) D+
s ! K�K+⇡+ decays in data

with the binning scheme overlaid. The enlarged inset shows the bins around the �⇡+ region,
where the same numbering scheme is followed for both channels.

the internal boundaries defined by the distribution node in one direction and the known
mass [21] in the other. For the K⇤0 resonance, the region above the node is further
subdivided to account for instrumental asymmetry variations. Other Dalitz plot areas
are segmented to approximately equalize the number of candidates in each bin, with the
D+

s Dalitz plot following a similar segmentation with expanded outer limits. This design
has a natural bin-to-bin correspondence between the Dalitz plots of D+ and D+

s mesons
with a good agreement between final-state kinematic quantities in each bin. A bin-by-bin
weighting procedure is applied to the D+

s candidates to correct for residual di↵erences.
Sensitivity studies, where D+ ! K�K+⇡+ samples are generated according to the

isobar model from Ref. [25], support this binning choice. In these studies, CP violation
is introduced as small di↵erences in the relative phase or magnitude of one or more
resonances’ amplitudes between the D+ and D� samples. The asymmetry caused by a
phase di↵erence changes sign when crossing vertically or horizontally between quadrants
around the resonance of interest. This behavior motivates the measurement of the CP
asymmetry observable ACP |S [27]:

ACP |S =
1

2

⇥�
�Atop-left

raw +�Abottom-right
raw

�
�
�
�Atop-right

raw +�Abottom-left
raw

�⇤
, (6)

where �Araw = AS
raw � AC

raw and the Dalitz plot bins top-left, top-right, bottom-left, and
bottom-right are the ones numbered in Fig. 1 as bins 13, 17, 14 and 16 (3+4, 7+8, 5
and 6),3 respectively, for the �⇡+ (K⇤0K+) resonant amplitude. In this case, the global
asymmetry components cancel out, making ACP |S an observable sensitive purely to CP
violation in the decay. The local �Ai

CP are also provided as additional measurements,
which can be interpreted as CP -violating observables in light of theoretical predictions,
but only as relative quantities between bins. All the results from the present study are
insensitive to CP violation manifested solely as a global asymmetry.

3The plus sign indicates that candidates from two bins are combined before computing ACP |S .

4

ϕ(1020)K*(892)0

• The strong phase varies around resonances
[JHEP 06 

(2013) 112]

Figure 1: Dalitz plots for (left) D+ ! K�K+⇡+ and (right) D+
s ! K�K+⇡+ decays in data

with the binning scheme overlaid. The enlarged inset shows the bins around the �⇡+ region,
where the same numbering scheme is followed for both channels.

the internal boundaries defined by the distribution node in one direction and the known
mass [21] in the other. For the K⇤0 resonance, the region above the node is further
subdivided to account for instrumental asymmetry variations. Other Dalitz plot areas
are segmented to approximately equalize the number of candidates in each bin, with the
D+

s Dalitz plot following a similar segmentation with expanded outer limits. This design
has a natural bin-to-bin correspondence between the Dalitz plots of D+ and D+

s mesons
with a good agreement between final-state kinematic quantities in each bin. A bin-by-bin
weighting procedure is applied to the D+

s candidates to correct for residual di↵erences.
Sensitivity studies, where D+ ! K�K+⇡+ samples are generated according to the

isobar model from Ref. [25], support this binning choice. In these studies, CP violation
is introduced as small di↵erences in the relative phase or magnitude of one or more
resonances’ amplitudes between the D+ and D� samples. The asymmetry caused by a
phase di↵erence changes sign when crossing vertically or horizontally between quadrants
around the resonance of interest. This behavior motivates the measurement of the CP
asymmetry observable ACP |S [27]:

ACP |S =
1

2

⇥�
�Atop-left

raw +�Abottom-right
raw

�
�
�
�Atop-right

raw +�Abottom-left
raw

�⇤
, (6)

where �Araw = AS
raw � AC

raw and the Dalitz plot bins top-left, top-right, bottom-left, and
bottom-right are the ones numbered in Fig. 1 as bins 13, 17, 14 and 16 (3+4, 7+8, 5
and 6),3 respectively, for the �⇡+ (K⇤0K+) resonant amplitude. In this case, the global
asymmetry components cancel out, making ACP |S an observable sensitive purely to CP
violation in the decay. The local �Ai

CP are also provided as additional measurements,
which can be interpreted as CP -violating observables in light of theoretical predictions,
but only as relative quantities between bins. All the results from the present study are
insensitive to CP violation manifested solely as a global asymmetry.

3The plus sign indicates that candidates from two bins are combined before computing ACP |S .

4

• New observables

Phase space integrated CPV may be canceled

Bins around resonances

Aϕπ+

CP|S = (0.95 ± 0.43 ± 0.26) × 10−3

AK*0K+

CP|S = (−0.26 ± 0.56 ± 0.18) × 10−3

No evidence for CPV around the resonances

Sub-  
precision

10−3

[arXiv:2409.01414]

https://arxiv.org/abs/1303.4906
https://arxiv.org/abs/1303.4906
https://arxiv.org/abs/1303.4906
https://arxiv.org/abs/2409.01414
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Mixing and CPV in charm decays
•  is an ideal candidates to study oscillationsD0(t) → K+π−

• Doubly Cabibbo Suppressed (DCS) and mixing amplitudes are of the same order

Time evolution i
∂
∂t (D0(t)

D0(t)) = (M −
i
2

Γ) (D0(t)
D0(t)) On-shell transitions

Off-shell transitions

• Off-diagonal  elements are sensitive to new physics contributing in the mixing boxM
Mixing parameters

x12 = 2
|M12|

Γ
y12 =

|Γ12|
Γ

Weak phases (CPV observables)

ϕM
f ∼ arg(M12) ϕΓ

f ∼ arg(Γ12)

Meson produced in  flavour eigenstateD0

[Phys. Rev. D 103, 053008]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.053008
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Mixing and CPV in charm decays

• The ratio between  and  is 
sensitive to both mixing and CPV

D0 → K+π− D0 → K−π+

[arXiv:2407.18001]

• Expanding these ratios up to second order in  and x12 y12

1 Introduction

Flavor-changing neutral currents (FCNCs) and violation of charge-parity (CP ) symmetry
in charm-hadron decays are strongly suppressed by the Glashow–Iliopoulous–Maiani
mechanism [1,2] and by the smallness of the elements of the Cabibbo–Kobayashi–Maskawa
(CKM) matrix [3, 4] connecting the first two generations of quarks with the third. As a
result, measurements of these processes can provide precise null tests of the Standard
Model (SM) [5]. The ultimate precision of these tests, however, is limited by theoretical
uncertainties on contributions from long-distance quantum-chromodynamics (QCD), as
reviewed in Refs. [6–9]. Additional measurements are needed both to improve knowledge
of the size of these small e↵ects, some of which are yet to be observed, and to help clarify
the magnitude of long-distance QCD contributions.

The decay D
0(t)! K

+
⇡
�, where D

0(t) denotes the state of a neutral charm meson,
at proper time t, that was produced in the D

0 flavor eigenstate at t = 0, is an excellent
candidate to study the e↵ects described above (throughout this document, the inclusion
of charge-conjugate processes is implied unless stated otherwise). This process receives
contributions from interfering amplitudes of comparable magnitudes from the doubly
Cabibbo-suppressed D

0
! K

+
⇡
� decay and from the Cabibbo-favored D

0
! K

+
⇡
� decay

following a D
0–D0 oscillation. Therefore, analysis of the time evolution of the decay

rate provides sensitivity to the mixing parameters that determine the rate of D0–D0

oscillations. These are x12 ⌘ 2|M12|/� and y12 ⌘ |�12|/� [10, 11], defined from the 2⇥ 2
e↵ective Hamiltonian governing the time evolution of the D

0–D0 system, H ⌘ M �
i
2�,

where � is the D
0 decay width.

The dependence of the measured quantities on the value of the D
0 lifetime can be

greatly reduced by taking the ratio of the D0(t)! K
+
⇡
� rate with that of D0(t)! K

+
⇡
�,

which is dominated by a Cabibbo-favored amplitude. This and the charge-conjugate ratio
are defined as

R
+
K⇡(t) ⌘

�(D0(t) ! K
+
⇡
�)

�(D0(t) ! K+⇡�)
and R

�
K⇡(t) ⌘

�(D0(t) ! K
�
⇡
+)

�(D0(t) ! K�⇡+)
. (1)

Hereafter, the D0 decay time is expressed in units of ⌧D0 , the D0 lifetime [12], to keep the
notation more compact. Expanding these ratios up to second order in the small mixing
parameters x12 and y12 and, consequently, also in t, one obtains

R
±
K⇡(t) ⇡ RK⇡(1± AK⇡) +

p
RK⇡(1± AK⇡)(cK⇡ ±�cK⇡) t+ (c0

K⇡
±�c

0
K⇡

) t2 , (2)

where [13, 14]

RK⇡ ⌘
1

2

✓ ����
Af̄

Āf̄

����
2

+

����
Āf

Af

����
2 ◆

, (3)

AK⇡ ⌘

��Af̄/Āf̄

��2 �
��Āf/Af

��2
��Af̄/Āf̄

��2 +
��Āf/Af

��2 ⇡ a
d
DCS , (4)

cK⇡ ⇡ y12 cos�
�
f cos�f + x12 cos�

M
f sin�f , (5)

�cK⇡ ⇡ x12 sin�
M
f cos�f � y12 sin�

�
f sin�f , (6)

c
0
K⇡

⇡
1

4

�
x
2
12 + y

2
12

�
, (7)

1

CP even CP odd

1 Introduction

Flavor-changing neutral currents (FCNCs) and violation of charge-parity (CP ) symmetry
in charm-hadron decays are strongly suppressed by the Glashow–Iliopoulous–Maiani
mechanism [1,2] and by the smallness of the elements of the Cabibbo–Kobayashi–Maskawa
(CKM) matrix [3, 4] connecting the first two generations of quarks with the third. As a
result, measurements of these processes can provide precise null tests of the Standard
Model (SM) [5]. The ultimate precision of these tests, however, is limited by theoretical
uncertainties on contributions from long-distance quantum-chromodynamics (QCD), as
reviewed in Refs. [6–9]. Additional measurements are needed both to improve knowledge
of the size of these small e↵ects, some of which are yet to be observed, and to help clarify
the magnitude of long-distance QCD contributions.

The decay D
0(t)! K

+
⇡
�, where D

0(t) denotes the state of a neutral charm meson,
at proper time t, that was produced in the D

0 flavor eigenstate at t = 0, is an excellent
candidate to study the e↵ects described above (throughout this document, the inclusion
of charge-conjugate processes is implied unless stated otherwise). This process receives
contributions from interfering amplitudes of comparable magnitudes from the doubly
Cabibbo-suppressed D

0
! K

+
⇡
� decay and from the Cabibbo-favored D

0
! K

+
⇡
� decay

following a D
0–D0 oscillation. Therefore, analysis of the time evolution of the decay

rate provides sensitivity to the mixing parameters that determine the rate of D0–D0

oscillations. These are x12 ⌘ 2|M12|/� and y12 ⌘ |�12|/� [10, 11], defined from the 2⇥ 2
e↵ective Hamiltonian governing the time evolution of the D

0–D0 system, H ⌘ M �
i
2�,

where � is the D
0 decay width.

The dependence of the measured quantities on the value of the D
0 lifetime can be

greatly reduced by taking the ratio of the D0(t)! K
+
⇡
� rate with that of D0(t)! K

+
⇡
�,

which is dominated by a Cabibbo-favored amplitude. This and the charge-conjugate ratio
are defined as

R
+
K⇡(t) ⌘

�(D0(t) ! K
+
⇡
�)

�(D0(t) ! K+⇡�)
and R

�
K⇡(t) ⌘

�(D0(t) ! K
�
⇡
+)

�(D0(t) ! K�⇡+)
. (1)

Hereafter, the D0 decay time is expressed in units of ⌧D0 , the D0 lifetime [12], to keep the
notation more compact. Expanding these ratios up to second order in the small mixing
parameters x12 and y12 and, consequently, also in t, one obtains

R
±
K⇡(t) ⇡ RK⇡(1± AK⇡) +

p
RK⇡(1± AK⇡)(cK⇡ ±�cK⇡) t+ (c0

K⇡
±�c

0
K⇡

) t2 , (2)

where [13, 14]

RK⇡ ⌘
1

2

✓ ����
Af̄

Āf̄

����
2

+

����
Āf

Af

����
2 ◆

, (3)

AK⇡ ⌘

��Af̄/Āf̄

��2 �
��Āf/Af

��2
��Af̄/Āf̄

��2 +
��Āf/Af

��2 ⇡ a
d
DCS , (4)

cK⇡ ⇡ y12 cos�
�
f cos�f + x12 cos�

M
f sin�f , (5)

�cK⇡ ⇡ x12 sin�
M
f cos�f � y12 sin�

�
f sin�f , (6)

c
0
K⇡

⇡
1

4

�
x
2
12 + y

2
12

�
, (7)

1

Mixing and CPV in Run 2 D*-tagged D0→K+:π−CERN, Mar 5th 2024

● Measure the time dependence of WS/RS yield ratio R(t):

● Accounting for CPV we independently measure:

                                                         and

● Since |x|,|y| ≪ 1 the ratio can be expanded as:

where RKπ is the DCS/CF ratio (~ 3.4 x 10-3), AKπ is the DCS CP asymmetry in the decay,

                                                

D0➝ Kπ  WS/RS

3

strong phase δ = 10° ± 3°
ext. input from

CLEO, BES  and LHCb
 

WS

RS

Mixing observables CPV observables

https://arxiv.org/abs/2407.18001
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Mixing and CPV in charm decays [arXiv:2407.18001]

•  is fitted simultaneously for 
the two final states


• Direct determination of mixing 
and CPV parameters

R±
Kπ(t)

Figure 11: Half sum and half di↵erence of measured WS-to-RS yields ratio for the K+⇡� and
K�⇡+ final states as a function of decay time. Projections of fits where CP -violation e↵ects
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.

systematic uncertainties are summarized in Table 2, 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 ✏ 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 m(D0

⇡
+
s ) mass fits

fixing the PDF of the ghost component, in each decay-time interval, to that obtained in
the best fits. The “instrumental asymmetry” contribution refers to the uncertainties on
the nuisance parameters AKK

jy , which account for the statistical uncertainties in measuring
the raw asymmetry in the D

0
! K

+
K

� signal candidates, and is relevant only for the
CP -violation parameters. The contributions from “adKK external input” and “�Y external
input” account for the uncertainties of the world-average values of these observables.
The contributions “doubly misidentified background” and “removal of common [WS-RS]
cand.” 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 candidates. 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 e↵ects, uncertainties

22

Figure 2: Mass distribution of (left) WS and (right) RS candidates after the o✏ine selection.
Di↵erent 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.

from the known D
⇤+ 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.

5 Ghost background sample

As described in Sec. 4, whenever a D
0 candidate is used to reconstruct both a WS

D
⇤� and a RS D

⇤+ candidate, and the m(D0
⇡
+
s ) value of the RS candidate lies in the

vicinity of the known D
⇤+ mass [12], the WS candidate is discarded. The RS candidates

belonging to this sample are mostly genuine D
⇤+ signal decays, while the corresponding

WS candidates arise from the association of the D
0 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, ✓(⇡+

s , ⇡
�
s ),

allows these two di↵erent sources of backgrounds to be disentangled, as shown in the left
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 much wider
distribution, populating higher angle values. The requirement ✓(⇡+

s , ⇡
�
s ) < 1mrad selects

a pure sample of WS candidates associated with a ghost soft pion, referred to in the
following as Common Ghost (CG) candidates, and their m(D0

⇡
+
s ) distribution is shown

in the right panel of Fig. 3. The CG candidates are used in the analysis as a proxy for
the residual ghost candidates present in the final WS (and RS) data sample. The CG
candidates and the residual ghost candidates share the same features, except that they
lie in two di↵erent kinematic regions of the reconstructed soft pion. The CG candidates
populate regions where both the genuine RS candidate and the ghost WS candidate are
reconstructed within the acceptance of the tracking stations located downstream of the

8

Table 1: Results of the fit to the time-dependent of the WS-to-RS ratio. Uncertainties and
correlations include both statistical and systematic contributions.

Parameters Correlations [%]
RK⇡ cK⇡ c

0
K⇡

AK⇡ �cK⇡ �c
0
K⇡

RK⇡ (343.1± 2.0)⇥ 10�5 100.0 �92.4 80.0 0.9 �0.8 0.1
cK⇡ (51.4± 3.5)⇥ 10�4 100.0 �94.1 �1.4 1.4 �0.7
c
0
K⇡

(13.1± 3.7)⇥ 10�6 100.0 0.7 �0.7 0.1
AK⇡ (�7.1± 6.0)⇥ 10�3 100.0 �91.5 79.4
�cK⇡ (3.0± 3.6)⇥ 10�4 100.0 �94.1
�c

0
K⇡

(�1.9± 3.8)⇥ 10�6 100.0

statistical fluctuations, with p-values in the 9%–86% range. The stability of the results
over the data-taking periods, trigger categories, and detector occupancy confirms the
robustness of the analysis methodologies against any change due to di↵erent running
and data-acquisition conditions, and aging of the LHCb detector over the years. The
compatibility of the results obtained by repeating the whole measurement for candidates
collected with the two di↵erent magnet polarities probes the robustness and reliability of
the corrections for the instrumental asymmetries. The consistency of the results in these
two samples is considered a powerful validation of the analysis method, since without
the application of the corrections a significant inconsistency is seen. The stability of the
results as a function of the soft-pion momentum, and therefore as a function of the D

0

momentum, probes any subtle unknown e↵ect due to track reconstruction algorithms, as
well as any impact of the residual contamination from doubly misidentified RS candidates.
Finally, repeating the measurement in di↵erent kinematic regions of the soft pions and in
di↵erent intervals of the output of the multivariate classifier used to remove ghost soft-pion
candidates is of paramount importance to ensure that removal of the ghost candidates is
accurate and within the assessed uncertainties.

9 Results and systematic uncertainties

The fit results are presented in Table 1, where the uncertainties include both statistical
and systematic contributions. An ensemble of pseudoexperiments confirms that the
extracted parameters are without perceivable bias and that the size of the parameter
correlations are within expectations. Fit projections, averaged over the three data-taking
periods, are reported in Fig. 11. The obtained p-value of the fit is 0.91 (0.84), when
the inflation factor ✏ is considered (not considered). The fit is repeated in the scenario
where CP violation is not allowed, by requiring AK⇡ = 0, �cK⇡ = 0 and �c

0
K⇡

= 0. The
consistency of the data with the hypothesis of CP symmetry is determined from the
change in �

2 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 c

0
K⇡

to zero. The di↵erence in the
�
2 value gives a significance of 3.4 standard deviations against the hypothesis of c0

K⇡
= 0.

This is the first measurement to have significant sensitivity to the quadratic term. The

21

Most precise results up to date
 decreased by σstat × 1.6

 decreased by σsyst × 2.0

No evidence for CPV

https://arxiv.org/abs/2407.18001
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Table 5: Result including data collected during Runs 1 and 2 of the LHC. The first uncertainty
is statistical and the second systematic. Correlations include both statistical and systematic
contributions.

Parameter
Correlations [%]

R+
D y0+ (x0+)2 R�

D y0� (x0�)2

R+
D (350.0 ± 6.9 ± 2.3) ⇥ 10�5 100.0 �74.9 62.4 �1.3 0.0 0.0

y0+ (4.1 ± 2.0 ± 0.3) ⇥ 10�3 0.0 100.0 �94.3 0.0 0.0 0.0
(x0+)2 (0.8 ± 1.5 ± 0.1) ⇥ 10�4 0.0 0.0 100.0 0.0 0.0 0.0
R�

D (344.0 ± 6.9 ± 2.3) ⇥ 10�5 0.0 0.0 0.0 100.0 �74.5 62.9
y0� (6.8 ± 2.1 ± 0.3) ⇥ 10�3 0.0 0.0 0.0 0.0 100.0 �94.6

(x0�)2 (�0.5 ± 1.7 ± 0.1) ⇥ 10�4 0.0 0.0 0.0 0.0 0.0 100.0
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Figure 6: Correlation between the mixing parameters y0 and (x0)2 illustrating (left) the individual
Run 1 (blue) and Run 2 (orange) double-tagged results, and (right) the impact of this result
(orange) on the overall LHCb average (blue).

stantial considering the double-tagged data set size is just ⇠ 1 % that of the prompt.433

In addition to the complementary decay-time coverage, this is the result of di↵erent434

correlation coe�cients and sample purities.435

8 Conclusions436

The time-dependent ratio of the wrong- to right-sign D0 ! K±⇡⌥ decay rates is determined437

with data collected by the LHCb experiment between 2016 and 2018, at a proton-proton438

centre-of-mass energy of 13TeV, corresponding to an integrated luminosity of 5.6 fb�1.439

The charge-conjugated decays of D0 mesons are simultaneously studied to probe CP440

violation in both the decay and flavour oscillations. The flavour of the intermediate441

neutral meson at production is inferred from the charges of the two spectator particles442

in preceding
( )

B ! D⇤(2010)±µ⌥X and D⇤(2010)± !
( )

D ⇡± decays. Uncertainties are443

predominantly comprised of statistical contributions with the most prominent systematic444

contribution relating to the modelling of the invariant mass distribution from which decay445

rates are extracted. The absolute precision of the mixing and CP violation parameters has446

improved by more than a factor of two with respect to the equivalent analysis performed447

on Run 1 data. All results are consistent with CP symmetry. Combination with results448

16

Preliminary

10

Mixing in double-tagged decays
• Mixing and CPV parameters in double-tagged 

decays

[LHCb-PAPER-2024-044] 
(In preparation)

B → D*(2010)+μ−X
D*(2010)+ → D0π+

Measuring ratio of  decaysD0 → K∓π±

• Complementary to the prompt analysis


- Higher low decay time sensitivity


- Fewer statistics

Improvement on mixing parameters between 4.8 − 6.4 %

https://cds.cern.ch/record/2912448
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Summary and outlook

• LHCb is still releasing cutting edge results with data from Run 2 (2015-2018)

• New CPV in multi-body decays and mixing parameters measurements released

• LHCb continues to be deeply involved in investigations on asymmetries in the 
Charm sector

• The 2024 data taking just ended recording 9.6 fb−1 New high-precision 
measurements on the way!

• Measurements still statistically limited  New detector operating at higher 
luminosity and efficiency

→



Backup

12
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The LHCb detector during LHC run 2

2008 JINST 3 S08005

Chapter 2

The LHCb Detector

2.1 Detector layout

LHCb is a single-arm spectrometer with a forward angular coverage from approximately 10 mrad
to 300 (250) mrad in the bending (non-bending) plane. The choice of the detector geometry is
justified by the fact that at high energies both the b- and b-hadrons are predominantly produced in
the same forward or backward cone.

The layout of the LHCb spectrometer is shown in figure 2.1. The right-handed coordinate
system adopted has the z axis along the beam, and the y axis along the vertical.

Intersection Point 8 of the LHC, previously used by the DELPHI experiment during the LEP

Figure 2.1: View of the LHCb detector.

– 2 –

Tracking stations Particle identification systems

Hardware trigger - L0

Selects high  signaturesE,  pT

Data Flow

First software level - HLT1

Partial event reconstruction, displaced 

tracks/vertices selection

Second software level - HLT2

Full event reconstruction

Online alignment

and calibration

LHCb is a forward spectrometer  Optimal for charm physics in  collisions→ pp ( s ∼ TeV)
σ(pp → ccX) ≈ 20 × σ(pp → bbX)

[JINST 3 S08005]

https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005
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Additional materia for multi-body CPV
• To ensure production asymmetry cancellation, and assuming  does not depend 

on the Dalitz plot region region it is measured in,  is defined
AP

ΔAglobal
raw

ΔAglobal
raw =

Nbins

∑
i

A i,S
raw − A i,C

raw

σ2
A i,S

raw
+ σ2

A i,C
raw

Nbins

∑
i

1
σ2

A i,S
raw

+ σ2
A i,C

raw

• In the absence of CPV  corresponds to the production asymmetries 
difference

ΔAglobal
raw
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Mixing and CPV in charm decays [arXiv:2407.18001]

0.2 0.3 0.4 0.5 0.6
 [%]12x

0.55

0.6

0.65

0.7

0.75

 [%
]

12y

World average

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 �
of the CKM unitarity triangle [41,42]; those are not included here.

8

• Combining this result with previous results from LHCb [Phys. Rev. D 97, 031101]

Table 3: Results of the combination of the measurements using Run 1 and Run 2 data. Uncer-
tainties and correlations include both statistical and systematic contributions.

Parameters Correlations [%]
RK⇡ cK⇡ c

0
K⇡

AK⇡ �cK⇡ �c
0
K⇡

RK⇡ (342.7± 1.9)⇥ 10�5 100.0 �92.7 80.3 0.9 �0.7 0.2
cK⇡ (52.8± 3.3)⇥ 10�4 100.0 �94.2 �1.3 1.2 �0.7
c
0
K⇡

(12.0± 3.5)⇥ 10�6 100.0 0.7 �0.7 0.2
AK⇡ (�6.6± 5.7)⇥ 10�3 100.0 �91.9 79.7
�cK⇡ (2.0± 3.4)⇥ 10�4 100.0 �94.1
�c

0
K⇡

(�0.7± 3.6)⇥ 10�6 100.0

Run 2 alone by about 7%.

10 Conclusions

A measurement of the time-dependent ratio of the D0
! K

+
⇡
� to D0

! K
+
⇡
� decay rates

is performed at the LHCb experiment using proton-proton collisions at a center-of-mass
energy of 13TeV, corresponding to an integrated luminosity of 6 fb�1, collected from 2015
through 2018. The D

0 meson is required to originate from a prompt D⇤(2010)+! D
0
⇡
+

decay, such that its flavor at production is inferred from the charge of the soft pion. The
measurement is performed simultaneously for the K

+
⇡
� and K

�
⇡
+ final states, allowing

both mixing and CP -violation parameters to be determined. Results are averaged with
those obtained from Ref. [18] employing data recorded by the LHCb experiment during
2011 and 2012 at a center-of-mass energy of 7TeV and 8TeV, respectively, providing the
legacy LHCb Run 1 and Run 2 measurement.

The results for all measured parameters are the most precise to date, and will signifi-
cantly improve the precision of the world averages [30, 31, 70]. The improvement factor of
the total uncertainties with respect to the previous most precise set of measurements, also
from LHCb [18], is in the range of 1.5–1.6 for both mixing and CP -violation parameters,
in line with the increase of the data sample size due to the inclusion of 2017 and 2018
data. The most dominant source of systematic uncertainty of the previous measurement,
due to the bias generated by the residual contamination of D⇤+ decays originating from
a b-hadron decay, is reduced by more than one order of magnitude. On average, the
reduction of the total systematic uncertainties is about a factor of two, paving the way
for even better precision in future measurements with larger data samples.

The parameter AK⇡ provides a rigorous null test of the SM by probing CP violation
in the decay D

0
! K

+
⇡
�, and it is found to be consistent with CP symmetry within

an uncertainty of 5.7 ⇥ 10�3. The parameters cK⇡ and c
0
K⇡

constrain the values of the
mixing parameters x12 and y12 and the phase �f . Since the value of y12 is precisely known,
particularly thanks to the recent measurement of the parameter yCP = y12 cos��

2 [29] in
singly Cabibbo-suppressed D

0
! K

+
K

� and D
0
! ⇡

+
⇡
� decays, the improvement in

precision on cK⇡ mainly impacts the accuracy in the determination of the strong phase
�f [72], once the new results are combined with other relevant measurements from the
charm and beauty sector following the approach of Refs. [30]. The results point to a

24

Strong null test of SM 
 

Consistent with CP symmetry
↓

Constrain the values 
of x12,  y12 and ΔKπ

 precisely known, significant 
improvement in  determination 

y12
ΔKπ

Significant departure 
from  symmetrySU(3)F

• Significant sensitivity to the quadratic term 
of the time dependant expansion (c′￼Kπ)

[Phys. Rev. D 105, 092013] [Phys. Rev. D 103, 053008]

https://arxiv.org/abs/2407.18001
https://arxiv.org/abs/1712.03220
https://arxiv.org/abs/2202.09106
https://arxiv.org/abs/2001.07207
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Mass plots double-tagged analysis
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Figure 1: Distribution of the di↵erence in mass, �m, between the D⇤+ and D0 mesons in (left)
right- and (right) wrong-sign subsamples. Also shown is the result of the extended maximum
likelihood fit, applied simultaneously to both subsamples.

function [34,35] and three Gaussian functions, one of which with an asymmetric width193

either side of the mean. The signal model parameters are used to describe both RS and194

WS data simultaneously while independent ARGUS functions model the combinatorial195

background in each.196

4 Measurement strategy197

The data set is divided according to the measured decay time of the D0 meson into198

eight subsamples. Division boundaries are chosen ensuring each subsample consists of199

approximately 650 thousand RS decays, corresponding to one eighth of the total. As a200

consequence of this and the exponential-like distribution of decay times, the width of the201

decay time range varies across the subsamples. The total number of subsamples is the202

maximum number that ensures all widths are not smaller than the secondary3 decay-time203

resolution of the LHCb detector. This resolution, determined by fitting the convolution204

of a pure exponential function to model the underlying distribution with a combination of205

Gaussian smearing functions to model the detector, is measured to be 78.3 fs. The eight206

subsamples are then further divided according to the flavour of the D0 or D0 meson using207

the electric charges of the muon and soft pion tagging particles. The RS and WS yields in208

each subsample are extracted from fits using the same model as that shown in Fig. 1 and209

described previously. Initial values of the model parameters in the extended likelihood210

maximisation are set to those obtained from the fit to the entire data set. All are allowed211

to vary except the tail parameters of the Johnson SU function which are fixed globally to212

encourage convergence.213

The quadratic mixing approximation defined by Eq. 5 and its relation to the decay-214

rate ratios in Eqs. 12 and 13 are discretised to accommodate the sixteen subsamples215

3The decay-time resolution is smaller for prompt decays since fewer vertices and therefore fewer unknowns
are included in the decay chain fit.

6

Preliminary
Preliminary

[LHCb-PAPER-2024-044] 
(In preparation)

https://cds.cern.ch/record/2912448
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Alternative mixing parametrisation

Table 6: Result of the fully parametrised �2 fit expressed in the alternative parametrisation.
Uncertainties and correlations include both statistical and systematic contributions.

Parameter
Correlations [%]

RD cK⇡ c0K⇡ AD �cK⇡ �c0K⇡

RD (347.2 ± 5.8) ⇥ 10�5 100.0 �76.7 61.5 �1.5 1.6 0.1
cK⇡ (5.8 ± 1.6) ⇥ 10�3 0.0 100.0 �92.4 3.3 �5.0 2.8
c0K⇡ (0.9 ± 2.6) ⇥ 10�5 0.0 0.0 100.0 �1.3 2.8 �1.9
AD (2.3 ± 1.7) ⇥ 10�2 0.0 0.0 0.0 100.0 �75.6 60.6

�cK⇡ (�2.3 ± 1.6) ⇥ 10�3 0.0 0.0 0.0 0.0 100.0 �92.4
�c0K⇡ (2.1 ± 2.6) ⇥ 10�5 0.0 0.0 0.0 0.0 0.0 100.0

Table 7: Result including data collected during Runs 1 and 2 of the LHC in the alternative
parametrisation. Uncertainties and correlations include both statistical and systematic contribu-
tions.

Parameter
Correlations [%]

RD cK⇡ c0K⇡ AD �cK⇡ �c0K⇡

RD (347.0 ± 5.1) ⇥ 10�5 100.0 �75.2 60.4 �1.4 1.3 �0.5
cK⇡ (5.5 ± 1.5) ⇥ 10�3 0.0 100.0 �92.5 1.9 �3.5 2.4
c0K⇡ (1.2 ± 2.4) ⇥ 10�5 0.0 0.0 100.0 �1.0 2.4 �2.4
AD (0.9 ± 1.5) ⇥ 10�2 0.0 0.0 0.0 100.0 �74.1 59.7

�cK⇡ (�1.3 ± 1.5) ⇥ 10�3 0.0 0.0 0.0 0.0 100.0 �92.5
�c0K⇡ (1.2 ± 2.4) ⇥ 10�5 0.0 0.0 0.0 0.0 0.0 100.0

where479

RD =
R+

D + R�
D

2
, (28)

cK⇡ =
y0+ + y0�

2
, (29)

c0K⇡ =
1

2


(x0+)2 + (y0+)2

4
+

(x0�)2 + (y0�)2

4

�
, (30)

AD =
R+

D � R�
D

R+
D + R�

D

, (31)

�cK⇡ =
y0+ � y0�

2
, (32)

�c0K⇡ =
1

2


(x0+)2 + (y0+)2

4
� (x0�)2 + (y0�)2

4

�
. (33)

To facilitate future combinations, the results obtained in Tables 2 and 5 are presented in480

the alternative parametrisation in Tables 6 and 7.481
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obtained from promptly produced D⇤+ decays, which are compatible with the results449

presented here, leads to a precision that is improved significantly more than expected from450

the sample size alone. This result completes LHCb’s analysis of WS D0 ! K⇡ decays451

with Run 1 and 2 data.452
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Appendices474

A Alternative parametrisation475

The analysis of Run 2 prompt D0 ! K±⇡⌥ decays measures alternative ratios defined by476

|hK+⇡�|H|D0(t)i|2
��hK+⇡�|H|D0(t)i

��2
= R̄+(t), (25)

��hK�⇡+|H|D0(t)i
��2

|hK�⇡+|H|D0(t)i|2
= R̄�(t), (26)

contrasting with those defined in Eqs. 12 and 13. This leads to an alternative parametri-477

sation of the mixing and CP violation parameters, given by478

R̄±(t) ⇡ RD(1±AD)+
p

RD(1 ± AD)(cK⇡±�cK⇡)

✓
t

⌧D0

◆
+(c0K⇡±�c0K⇡)

✓
t

⌧D0

◆2

, (27)
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