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Introduction
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Charge-Parity violation as been well established in the B and K systems 

Much more elusive in the charm sector 
Standard Model: GIM cancellation 
and CKM suppression

CP violation in charm observed for the first time in 2019  
[PRL 122 08726]

ACP ∼ 𝒪(10−3)

ΔACP ≡ ACP(D0 → K+K−) − ACP(D0 → π+π−)

https://doi.org/10.1103/PhysRevLett.122.211803
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Charge-Parity violation as been well established in the B and K systems 

Much more elusive in the charm sector 
Standard Model: GIM cancellation 
and CKM suppression

CP violation in charm observed for the first time in 2019  
[PRL 122 08726]

Singly-Cabbibo suppressed decays offer a good avenue to look for CP violation in charm decays  

Standard Model predictions are hard; there is still some debate as to whether the measured 
CPV is consistent with SM or not

More experimental measurements will help add clarity  
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Types of CP violation 
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Direct CP violation requires interference between two different decay processes 

Difference in both weak phase and strong phase  

Neutral  mesons can also mix between particle and antiparticle states D
|D1,2⟩ ≡ p |D0⟩ ± q |D0⟩

|A |2 − |A |2 ∝ sin(δ1 − δ2)sin(ϕ1 − ϕ2)

q
p

≠ 1  CPV in mixing →
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Direct CP violation requires interference between two different decay processes 

Difference in both weak phase and strong phase  

Neutral  mesons can also mix between particle and antiparticle states D
|D1,2⟩ ≡ p |D0⟩ ± q |D0⟩

Charged D 
mesons 

Neutral D 
mesons 

Direct CPV between  and D → f D → f̄

Interference between mixing and decay 

CPV in mixing between  and D D
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✓
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This results in more mechanisms for CP violation:

|A |2 − |A |2 ∝ sin(δ1 − δ2)sin(ϕ1 − ϕ2)

q
p

≠ 1  CPV in mixing →
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Charm at LHCb 

4

LHCb has collected huge samples of charm decays 

Run 2: 1MHz  cc̄

Turbo trigger configuration allows exclusive 
reconstruction of many final states in real-time

 Displaced vertex resolution  

 Efficient hadron PID

✓
✓

Crucial for mixing 
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Figure 10: Detection asymmetry for the weighted, fast-simulation samples, with Adet(K�⇡+) +
A(K0) as extracted from 2016 data superimposed. The red error bars include a 10% uncertainty
from the material map.

B0
! D�µ+⌫µ events, generated in

p
s = 8TeV and

p
s = 13TeV proton-proton collisions.

A selection which is representative for the analysis is applied to these events, including
particle-identification requirements on the final-state hadrons. These requirements are
aligned with the calibration samples. For simplicity, only the calibration samples recorded
in 2012 (for

p
s = 7TeV) and 2016 (for

p
s = 13TeV) with the magnet down polarity are

considered. The weighting strategies for both data sets are kept identical.
The resulting uncertainties are shown in Tab. 3, for both years. The results for 2012

are comparable to those found in the adsl analysis. While the recorded luminosity for 2016
is lower than for 2012, the statistical uncertainty for Adet(K�⇡+) improves from 0.15%
to 0.10%. Part of this improvement is attributed to the higher production rate of D+

mesons [3]. However, the increase in statistical precision is higher than what is expected
from the production rate, and is also due to the improved event selection.

The uncertainty of adsl increases with approximately twice the uncertainty of
Adet(K�⇡+). Using this approximation, the expected contribution due to Adet(K�⇡+)
to the statistical uncertainty of adsl determined on 6 fb�1 of Run-2 data is O (0.08%). A
challenge resides in the control of all systematics, which will require even more precise
tests than those presented in Sect. 6.

9.1 Instrumental asymmetry for K�K+
-pairs

With the use of Adet(K�⇡+), it is also possible to determine the detection asymmetry
of K�K+-pairs. This is achieved by calculating the di↵erence between Adet(K�⇡+) as
evaluated for two di↵erent target kaons, but with the same target pion. The di↵erence
of the resulting two values of Adet(K�⇡+) result in Adet(K�K+), as the calibration pion
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Detection 
asymmetries 

Do we reconstruct 
antiparticles as well as 
particles? 

[JHEP 08 (2018) 008]
[LHCb-PUB-2018-004]

Measuring CP violation in charm decays requires precise control of nuisance asymmetries 

Both are  effects  
 larger than 


Not perfect in simulations

𝒪( % )
× 10 ACP

Crucial for mixing 

https://inspirehep.net/record/1674916
https://inspirehep.net/literature/1920486
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Today’s menu 
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LHCb-PAPER-2022-024 arXiv:2209.03179 
Measurement of the time-integrated CP asymmetry in  decaysD0 → K−K+

LHCb-PAPER-2022-042 J. High Energ. Phys. 2023, 67 (2023) 
Search for CP violation in  decays D+

(s) → K+K−K+

LHCb-PAPER-2023-005 arXiv:2306.12746 

Search for CP violation in the phase space of  decays with the energy test D0 → π−π+π0

All performed with the Run 2 data samples

http://arxiv.org/abs/2209.03179
https://doi.org/10.1007/JHEP07(2023)067
http://arxiv.org/abs/2306.12746
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Time-integrated CP asymmetry has been measured in  decays D0 → K+K−

PV
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Cabbibo suppressed  Contributions from both 
direct CP and mixing  

LHCb-PAPER-2022-024 
arXiv:2209.03179
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Figure 1: Distribution of the invariant mass for the weighted D⇤+
!D0

(!K�K+
)⇡+

decay

candidates, from the CD+ calibration procedure. The result of the fit to this distribution is also

shown.

known D0 and ⇡+ masses [48]. The signal models consist of a sum of Gaussian and Johnson
SU functions [50], 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 functions, are shared. For D⇤+ decays, the combinatorial background
is described by an empirical function of the form [m(D0⇡+)�m(D0)�m(⇡+)]↵e�m(D0⇡+),
where ↵ and � 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�K+ invariant mass and the result

of the fit. The signal yields, together with the statistical reduction factor, defined as
(⌃i=K

i=1 wi)2/(N · ⌃i=K
i=1 w

2
i ), where K is the total number of candidates and wi includes

background subtraction and kinematic weights, are reported in Table 1. These reduction
factors are for illustrative purposes only and indicate the hypothetical number 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 di↵erent years and
with di↵erent magnet polarities. After determining the asymmetries in these subsamples,
the values of ACP (K�K+) are calculated according to Eq. 6, taking into account the
contribution from the neutral kaon asymmetry. This is estimated by combining the LHCb
material map from simulation with measured CP -violation and cross-section parameters
of the neutral kaon system [51–53], following the procedure described in Ref. [54]. The
correction is �5.1⇥ 10�4 (�8.5⇥ 10�4) for the CD+ (CD+

s
) calibration procedure. The

4

70 M

http://arxiv.org/abs/2209.03179
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Figure 1: Distribution of the invariant mass for the weighted D⇤+
!D0

(!K�K+
)⇡+

decay

candidates, from the CD+ calibration procedure. The result of the fit to this distribution is also

shown.

known D0 and ⇡+ masses [48]. The signal models consist of a sum of Gaussian and Johnson
SU functions [50], 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 functions, are shared. For D⇤+ decays, the combinatorial background
is described by an empirical function of the form [m(D0⇡+)�m(D0)�m(⇡+)]↵e�m(D0⇡+),
where ↵ and � 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�K+ invariant mass and the result

of the fit. The signal yields, together with the statistical reduction factor, defined as
(⌃i=K

i=1 wi)2/(N · ⌃i=K
i=1 w

2
i ), where K is the total number of candidates and wi includes

background subtraction and kinematic weights, are reported in Table 1. These reduction
factors are for illustrative purposes only and indicate the hypothetical number 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 di↵erent years and
with di↵erent magnet polarities. After determining the asymmetries in these subsamples,
the values of ACP (K�K+) are calculated according to Eq. 6, taking into account the
contribution from the neutral kaon asymmetry. This is estimated by combining the LHCb
material map from simulation with measured CP -violation and cross-section parameters
of the neutral kaon system [51–53], following the procedure described in Ref. [54]. The
correction is �5.1⇥ 10�4 (�8.5⇥ 10�4) for the CD+ (CD+

s
) calibration procedure. The

4

70 M

Two methods are used to cancel the nuisance asymmetries 
using Cabbibo favoured decays 

ACP(D0 → K+K−) =

CD+

+A(D*+ → (D0 → K+K−)π+
tag)

−A(D*+ → (D0 → K−π+)π+
tag)

Control modes are reweighted to ensure complete cancellation 

+A(D+ → K−π+π+)
−A(D+ → K0

Sπ+)
+A(K0

S)

ACP(D0 → K+K−) =
+A(D*+ → (D0 → K+K−)π+

tag)
−A(D*+ → (D0 → K−π+)π+

tag)
+A(D+

s → ϕπ+)
−A(D+

s → K0
SK+)

+A(K0
S)

CD+
s

Data-driven corrections 

http://arxiv.org/abs/2209.03179
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Fits performed separately by year, magnet polarity and control method are combined:  

LHCb-PAPER-2022-024 
arXiv:2209.03179

Combination is performed with other LHCb 
measurements

procedures are

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

CD+
s
: ACP (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

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

consistent with the previous LHCb results [54, 56]. 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 [57] 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 . The
combination includes the previous LHCb measurements of ACP (K�K+) [54, 56] and
�ACP [13,49,54] as well as the current LHCb average of �Y [39], the world average of the
D0 lifetime [48] 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 [49,54,56,58,59]. 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 [60].

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
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! K�K+ decay to date. A combination with the previous
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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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Figure 1: Invariant-mass distributions for (left) D+
s ! K�K+K+ and (right) D+

! K�K+K+

candidates. The data are shown as points with the fit overlaid.

The purity of the samples in a region comprising 95% of the signal candidates is about
64% and 78% for D+

s and D+ decays, respectively.
The Dalitz plots are defined in terms of the variables shigh and slow, which represent

the higher and lower values of the squared invariant masses formed by the two K�K+

combinations. The momenta used to compute these quantities are obtained from a
kinematic fit [59] in which the invariant mass of the reconstructed candidates is constrained
to the known D+

(s) mass [2]. These Dalitz plots can be seen in Fig. 2 for candidates within

the K�K+K+ invariant-mass region comprising 95% of the signal candidates. For both
decay modes the contribution of the �(1020)K+ channel is visible. An amplitude analysis
was performed recently for the D+

! K�K+K+ decay [60] where the f0(980)K+ and
f0(1370)K+ channels were also found to contribute. To date, no amplitude analysis exists
for the D+

s ! K�K+K+ decay, but its Dalitz distribution seems to follow qualitatively
the same pattern of that of the D+ decay: a clear �(1020) signature plus a rather smooth
distribution elsewhere.

4 Method

The binned model-independent technique used in this analysis compares the Dalitz-plot
distributions for particles and antiparticles, and it is a variation of the original Miranda
technique [33,34]. For each Dalitz-plot bin, the local CP observable SCP is defined as3

S
i
CP =
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(s))� ↵N i(D�
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+ �2
N i(D�
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)
, with ↵ =

P
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(s))P

i N
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(s))
, (1)

3This expression is the same as used in previous publications [36, 37, 39] and although it di↵ers in the
denominator from that in Ref. [33], for ↵ close to one the values of SCP are nearly identical.
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Figure 8: SCP values across the Dalitz plot for (left) D+
s ! K�K+K+ and (right)

D+
! K�K+K+ signal candidates using 21 bins.

Figure 9: SCP values across the Dalitz plot for (left) D+
s ! K�K+K+ and (right)

D+
! K�K+K+ signal candidates for the alternative binning scheme with 50 bins.
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The significance of  vs.  yield differences is studied in bins of the Dalitz plot  D+
(s) D−

(s)

D+
s → K+K−K+ D+ → K+K−K+

Binning scheme optimised to use many 
bins where strong phases vary quickly 

e.g. around D+
s → ϕK+

 test is performed to determine 
significance of local asymmetries with 
respect to CP conserving hypothesis

χ2

p-value(D+
s ) = 13.3 % p-value(D+) = 31.6 %

No evidence for CP violation in these decays  

Cabbibo favoured decay  
used to validate method

D+
s → K+K−π+
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Figure 1: Distributions of �m for (left) the resolved and (right) merged ⇡0 samples after the
application of all selection criteria except the �m requirement. Also shown are projections of
the fit model used to evaluate signal yields and purity.

shape Fbkg(x) = (x � x0)↵e��(x�x0), with ↵ and � freely varying in the fit and with x0

fixed to the known mass of the charged pion. All free parameters for both signal and
background models are independent for the merged and resolved samples.

When applying the energy test, only candidates within the region
|�m � 145.4| < 1.8 MeV/c2 are used. This yields a sample of 1.71M (0.76M) sig-
nal decays with a purity of 81% (91%) for the resolved (merged) sample. This exceeds by
more than a factor of four the signal yield of the corresponding LHCb Run 1 analysis [34].

The control channel D0
! K�⇡+⇡0 is selected using the same criteria except for

the particle identification requirements on the kaon and pion, which result in mutually
exclusive samples for the signal and control modes. The kinematic distributions of the
final state particles are similar for the selected signal and control mode data. The yield of
the control mode is 5.32M (13.78M) for the merged (resolved) ⇡0 samples, with a purity
of 97% (94%).

To suppress the potential impact of nuisance asymmetries, a two-stage equalisation
procedure is imposed on the candidates selected for analysis. Firstly, the number of
candidates collected in each of the two LHCb dipole magnet polarities is equalised by
randomly rejecting candidates from the larger sample. This mitigates against potential
instrumental asymmetries due to geometrical e↵ects, whereby particles of a particular
charge are more likely to be swept out of the acceptance. The equalisation improves the
cancellation of such e↵ects at the cost of around 5% reduction in signal yield.

The second equalisation stage aims to eliminate potential fake local asymmetries
caused by the interplay of merged and resolved samples. If these samples appear in
di↵erent proportions in the D0 and D0 cases, and if they exhibit di↵erent global charge
asymmetries, then this can generate local asymmetries even in the absence of CP violation.
The equalisation enforces identical merged/resolved fractions for the two D meson flavours,
again by randomly rejecting candidates as needed. This stage is over 99.9% e�cient.

Both equalisation stages are consecutively performed for all data samples undergoing
the energy test. The equalisation is enforced independently for each of the four data-taking
years (2015–2018) to reflect di↵erent conditions, for both signal and control modes.

The background-subtracted Dalitz distributions for the resolved and merged ⇡0 cate-
gories are shown in Fig. 2. Three ⇢±,0 resonances are clearly visible as two-lobe structures

6

Promising area to search for CP violation
2.5 M

This analysis uses an unbinned method to search for 
localised CP asymmetries called the energy test [Phys. Rev. D 84, 054015 (2011)]

http://arxiv.org/abs/2306.12746
https://doi.org/10.1103/PhysRevD.84.054015
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exclusive samples for the signal and control modes. The kinematic distributions of the
final state particles are similar for the selected signal and control mode data. The yield of
the control mode is 5.32M (13.78M) for the merged (resolved) ⇡0 samples, with a purity
of 97% (94%).

To suppress the potential impact of nuisance asymmetries, a two-stage equalisation
procedure is imposed on the candidates selected for analysis. Firstly, the number of
candidates collected in each of the two LHCb dipole magnet polarities is equalised by
randomly rejecting candidates from the larger sample. This mitigates against potential
instrumental asymmetries due to geometrical e↵ects, whereby particles of a particular
charge are more likely to be swept out of the acceptance. The equalisation improves the
cancellation of such e↵ects at the cost of around 5% reduction in signal yield.

The second equalisation stage aims to eliminate potential fake local asymmetries
caused by the interplay of merged and resolved samples. If these samples appear in
di↵erent proportions in the D0 and D0 cases, and if they exhibit di↵erent global charge
asymmetries, then this can generate local asymmetries even in the absence of CP violation.
The equalisation enforces identical merged/resolved fractions for the two D meson flavours,
again by randomly rejecting candidates as needed. This stage is over 99.9% e�cient.

Both equalisation stages are consecutively performed for all data samples undergoing
the energy test. The equalisation is enforced independently for each of the four data-taking
years (2015–2018) to reflect di↵erent conditions, for both signal and control modes.

The background-subtracted Dalitz distributions for the resolved and merged ⇡0 cate-
gories are shown in Fig. 2. Three ⇢±,0 resonances are clearly visible as two-lobe structures
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Figure 2: Dalitz plots for the background-subtracted signal samples for (left) the resolved and
(right) merged ⇡0 categories, with the two m2(⇡±⇡0) variables chosen for the projection. The
three ⇢±,0 resonances dominate the phase space.

in the Dalitz plane. These dominate the phase space, as expected from previous stud-
ies [63]. Candidates with large values of s12, corresponding to the lower left corner of the
Dalitz plane, have little remaining centre-of-mass energy for the neutral pion. As such,
this region of phase space is dominated by resolved (low momentum) ⇡0 candidates.

6 Sensitivity studies and optimisation

The energy test has a single tunable parameter, �, which sets the phase-space scale of the
test and is chosen to optimise the sensitivity of the method. The optimal value depends
on the size of the dataset and the distribution of candidates in the phase space. Di↵erent
values chosen for � may be optimal for di↵erent CP violation scenarios. Pseudoexperiments
are used to study such e↵ects and select the � value for this analysis.

In the pseudoexperiments, phase-space distributions of signal decays are generated
using the Laura++ package [64], with an amplitude model taken from a previous analysis
of this channel [63]. This model consists of several components from di↵erent intermediate
resonances and a non-resonant term, each multiplied by a complex coe�cient. The
dominant contributions are from charged and neutral ⇢(770) resonances, with fit fractions
of 67.8% (⇢+⇡�), 34.6% (⇢�⇡+), and 26.2% (⇢0⇡0) for the D0 decay. The D0 and D0

complex coe�cients, either in their magnitudes or phases, are adjusted for both the
dominant (⇢(770)+⇡�) and sub-dominant (⇢(770)�⇡+) intermediate states to emulate
CP -violation.

For each pseudoexperiment the number of signal candidates is set to match the
corresponding signal yield in data, for the combination of merged and resolved samples.
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Figure 3: Average p-value as a function of the energy test distance parameter �, for di↵erent
values of the D0-D0 phase di↵erence for the D0

! ⇢(770)�⇡+ amplitude. Straight guide lines
are also drawn connecting successive points for each scenario.

di↵erences between D0 and D0 decay amplitudes are generated in the range 0.1�–1.0�

(0.1%–1.0%). These pseudoexperiments are evaluated using the energy test method
at 17 di↵erent values of � ranging from 0.03–1.5 (GeV/c2)2. In each case a p-value is
determined and these are plotted as a function of �. The optimal choice of � for a
given pseudoexperiment is that which gives the smallest p-value. To reduce the impact
of statistical fluctuations, five pseudoexperiments are generated for each CP violation
scenario and the average p-value is calculated for each point in the scan. An example
of this procedure is presented in Fig. 3, which shows the � scans for di↵erent phase
di↵erences injected into the sub-dominant D0

! ⇢(770)�⇡+ amplitude. The minimum
p-value is found close to � = 0.2 (GeV/c2)2 for all cases, hence this is chosen as the distance
parameter for the energy test throughout this analysis.

To assess the overall sensitivity for a particular CP asymmetry scenario, an ensemble
of 500 pseudoexperiments is generated with a phase di↵erence of 0.9� in the dominant
D0

! ⇢(770)+⇡� amplitude. The significance of the result, expressed as a one-sided
Gaussian z-score, follows a Gaussian distribution with a mean of 4.3 � and a width of
0.7 �. If nature exhibited a CP asymmetry of this type, this analysis would obtain a
3 � evidence in 95% of cases. Should a significant CP asymmetry be observed, a more
complete amplitude analysis would be needed to fully understand the results.

7 Validation and cross-checks using data

Several checks are performed with data to assess the potential impact of nuisance asym-
metries on this analysis and confirm that the reported p-value is unbiased. This section
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Figure 4: Distribution of T -values obtained by running the energy test over the final signal
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the CP -symmetry hypothesis, obtained from flavour-randomised permutations of the same data
sample.

In summary, no evidence is found for CP violation in localised regions of the phase
space for the decay D0

! ⇡�⇡+⇡0. The analysis uses the complete data sample available
in LHCb Run 2, collected during 2015–2018, containing approximately four times the
signal yield of the previous energy test analysis of this channel based on data taken in
Run 1 during 2012 [34]. Compared to the previous analysis, the present work benefits
from a computationally more e�cient energy test implementation, from a re-optimised
candidate selection, and from a more comprehensive suite of data-driven cross-checks to
confirm that potential nuisance asymmetries can be neglected for the current sample size.

Acknowledgements

We express our gratitude to our colleagues in the CERN accelerator departments for the
excellent performance of the LHC. We thank the technical and administrative sta↵ at the
LHCb institutes. We acknowledge support from CERN and from the national agencies:
CAPES, CNPq, FAPERJ and FINEP (Brazil); MOST and NSFC (China); CNRS/IN2P3
(France); BMBF, DFG and MPG (Germany); INFN (Italy); NWO (Netherlands); MNiSW
and NCN (Poland); MEN/IFA (Romania); MICINN (Spain); SNSF and SER (Switzerland);
NASU (Ukraine); STFC (United Kingdom); DOE NP and NSF (USA). We acknowledge
the computing resources that are provided by CERN, IN2P3 (France), KIT and DESY
(Germany), INFN (Italy), SURF (Netherlands), PIC (Spain), GridPP (United Kingdom),
CSCS (Switzerland), IFIN-HH (Romania), CBPF (Brazil), Polish WLCG (Poland) and
NERSC (USA). We are indebted to the communities behind the multiple open-source
software packages on which we depend. Individual groups or members have received

11

p-value = 62 %

No evidence for CP violation in this decay  

Previous Run 1 analysis measured a p-value of 2.6% 
[Phys. Lett. B740 (2015) 158] 

The p-value is computed by comparing T to a distribution of samples 
created by randomly-permuting the flavour assignment  

Low p-value  sign of CP violation →

http://arxiv.org/abs/2306.12746
https://doi.org/10.1016/j.physletb.2014.11.043


Tom Hadavizadeh/12

Conclusions and outlook 

12

LHCb has performed new measurements and searches for CP violation in charm decays 

First evidence of direct CP violation in a single charm decay mode 

No evidence of localised CP asymmetries in  and  decays D+
(s) → K+K−K+ D0 → π+π−π0

More analyses planned with the Run 2 data set 

Run 3 has begun: expect larger samples with an upgraded detector!

Table 6.5: Extrapolated signal yields and statistical precision on direct CP violation observables for the
promptly produced samples.

Sample (L) Tag Yield Yield �(�ACP ) �(ACP (hh))
D0 !K�K+ D0 !⇡�⇡+ [%] [%]

Run 1–2 (9 fb�1) Prompt 52M 17M 0.03 0.07
Run 1–3 (23 fb�1) Prompt 280M 94M 0.013 0.03
Run 1–4 (50 fb�1) Prompt 1G 305M 0.007 0.015
Run 1–5 (300 fb�1) Prompt 4.9G 1.6G 0.003 0.007

6.2.1 Measurement of ACP in D0! K+K� and D0! ⇡+⇡� and CP violation
in other two-body modes

The singly Cabibbo-suppressed D0 ! K�K+ and D0 ! ⇡�⇡+ decays discussed in Sect. 6.1.4
for indirect CP violation studies, also play a critical role in the measurement of time-integrated
direct CP violation. The amount of CP violation in these decays is expected to be below the
percent level [241–248], but large theoretical uncertainties due to long-distance interactions
prevent precise SM predictions. In the presence of physics beyond the SM, the expected CP
asymmetries could be enhanced [249], although an observation near the current experimental
limits would be consistent with the SM expectation. The direct CP violation is associated with
the breaking of CP symmetry in the decay amplitude. It is measured through the time-integrated
CP asymmetry in the h�h+ decay rates

ACP (D0 ! h�h+) ⌘ �(D0 ! h�h+) � �(D0 ! h�h+)

�(D0 ! h�h+) + �(D0 ! h�h+)
. (6.5)

The sensitivity to direct CP violation is enhanced through a measurement of the di↵erence in CP
asymmetries between D0 !K�K+ and D0 !⇡�⇡+ decays, �ACP = ACP (K�K+)�ACP (⇡�⇡+),
in which detector asymmetries largely cancel.

The individual asymmetries ACP (K�K+) and ACP (⇡�⇡+) can also be measured. A mea-
surement of the time-integrated CP asymmetry in D0 ! K�K+ has been performed at LHCb
with 3 fb�1 collected at centre-of-mass energies of 7 and 8 TeV. The flavour of the charm meson
at production is determined from the charge of the pion in D⇤+ ! D0⇡+ decays, or via the
charge of the muon in semileptonic b-hadron decays (B ! D0µ�⌫µX). The analysis strategy
so far relies on the D+ ! K�⇡+⇡�, D+ ! K0

s ⇡+ and D⇤+ ! D0(! K�⇡+)⇡+ decays as
control samples [250]. In this case, due to the weighting procedures aiming to fully cancel the
production and reconstruction asymmetries, the e↵ective prompt signal yield for ACP (K�K+)
is reduced. The expected signal yields and the corresponding statistical precision in Upgrade II
are summarised in Table 6.5.

The �ACP observable is robust against systematic uncertainties. The main sources of system-
atic uncertainties are inaccuracies in the fit model, the weighting procedure, the contamination
of the prompt sample with secondary D0 mesons and the presence of peaking backgrounds.
There are no systematic uncertainties which are expected to have irreducible contributions which
exceed the ultimate statistical precision. This channel is already entering the upper range of the
physically interesting sensitivities, and will likely continue to provide the world’s best sensitivity
to direct CP violation in charm in Upgrade II. The power of these two-body CP eigenstates at
LHCb Upgrade II is illustrated in Fig. 6.4, which shows the indirect (see Sect. 6.1.4) and direct
CP constraints that will come from these modes.

There are a significant number of other two-body modes of strong physics interest where
Upgrade II will also make important contributions. These include the decay modes D0 ! K0

S
K0

S

(0.28%), D0 ! K0
S
K⇤0 (0.6 ⇥ 10�4), D0 ! K0

S
K⇤0 (0.8 ⇥ 10�4), D+

s ! K0
S
⇡+ (3.2 ⇥ 10�4),
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atic uncertainties are inaccuracies in the fit model, the weighting procedure, the contamination
of the prompt sample with secondary D0 mesons and the presence of peaking backgrounds.
There are no systematic uncertainties which are expected to have irreducible contributions which
exceed the ultimate statistical precision. This channel is already entering the upper range of the
physically interesting sensitivities, and will likely continue to provide the world’s best sensitivity
to direct CP violation in charm in Upgrade II. The power of these two-body CP eigenstates at
LHCb Upgrade II is illustrated in Fig. 6.4, which shows the indirect (see Sect. 6.1.4) and direct
CP constraints that will come from these modes.

There are a significant number of other two-body modes of strong physics interest where
Upgrade II will also make important contributions. These include the decay modes D0 ! K0
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Larger samples will help understand CP violation in charm 
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Table 6.6: Extrapolated signal yields, in units of 106, of the Cabibbo-suppressed decays D+ !
K�K+⇡+, D+ ! ⇡�⇡+⇡+, and of the doubly Cabibbo-suppressed decays D+ ! K�K+K+,
D+ ! ⇡�K+⇡+.

Sample (L) D+ ! K�K+⇡+ D+ ! ⇡�⇡+⇡+ D+ ! K�K+K+ D+ ! ⇡�K+⇡+

Run 1–2 (9 fb�1) 200 100 14 8
Run 1–4 (23 fb�1) 1,000 500 70 40
Run 1–4 (50 fb�1) 2,600 1,300 182 104
Run 1–6 (300 fb�1) 17,420 8,710 1,219 697

Table 6.7: Sensitivities to CP -violation scenarios for D+ ! ⇡�⇡+⇡+ decays. Simulated D+

and D� Dalitz plots are generated with relative changes in the phase of the R⇡± amplitude,
R = ⇢0(770), f0(500) or f2(1270). The values of the phase di↵erences are given in degrees and
correspond to a 5� CP -violation e↵ect. Simulations are performed with 3 fb�1 and extrapolated
to the expected integrated luminosities.

resonant channel 9 fb�1 23 fb�1 50 fb�1 300 fb�1

f0(500)⇡ 0.30 0.13 0.083 0.032
⇢0(770⇡ 0.50 0.22 0.14 0.054
f2(1270)⇡ 1.0 0.45 0.28 0.11

spectra the D+
s signals can be used as control channels to investigate possible phase-space-

dependent asymmetries in detection e�ciency. This is the most sensitive technique for a first
observation of CP violation in charged D mesons.

In the SM, small CP asymmetries in charged D mesons are expected in CS decays, but are
highly suppressed in doubly-Cabibbo-suppressed (DCS) and Cabibbo-favoured decays. New
mechanisms of CP violation would require subleading amplitudes involving new particles — a
charged Higgs, for instance. This mechanism would generate CP violation in Cabibbo-favoured
decays as well, but the observation of the CP asymmetries would be obscured by the vastly
dominant SM amplitudes. In DCS decays, however, the SM amplitudes are suppressed by a
factor ⇠ tan4 ✓, increasing the possibility of an observation. Therefore, DCS decays, such as
D+ ! K�K+K+ and D+ ! ⇡�K+⇡+, o↵er an unique opportunity to search for new sources
of CP violation in an almost “background free” environment.

The estimated signal yields in future upgrades are summarised in Table 6.6. The yields
are based on an extrapolation of the Run 2 yields per unit luminosity, made under the same
assumptions of Section 6.1. The estimated sensitivities to observation of CP violation, using the
decay D+ ! ⇡�⇡+⇡+ as example, are presented in Table 6.7.

6.2.3 Measurements with D0! h+h�h+h� decays

Standard-Model CP violation could be observed in the Cabibbo-suppressed D0 ! ⇡+⇡�⇡+⇡�

and D0 ! K+K�⇡+⇡� decays, while New Physics is needed to justify any observation in the
doubly Cabibbo-suppressed D0 ! K+⇡�⇡+⇡� decays.

Many techniques can be adopted to search for CP violation, all of them exploiting the rich
resonant structure of the decays. Those that have been so far used at LHCb are based on bT -odd
asymmetries and the energy test, while studies are ongoing to measure model-dependent CP
asymmetries in the decay amplitudes.

The study of bT -odd asymmetries exploits potential P -odd CP violation from the interference
of the di↵erent amplitude structures in the decay, as described in Ref. [253]. This uses a triple
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