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• CP violation (CPV) and mixing are suppressed in charm 

• Room for new physics enhancements 

• Predictions are difficult due to low-energy 
strong interaction effects 

• Experimental measurements are crucial 

• LHCb is one of the main players:  

• 2013, first observation* of D0 mixing in D0→K+π- 

• 2019, first observation of direct CPV in D0→h+h

Why charm is charming?
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(SM asymmetries ~0.1% or below)
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∼ VubVcb ( mb
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complete cancellation in the 
U-spin limit (md=ms)

∼
m2

s − m2
d

m2
W

[Phys.Lett. B222 (1989) 501]

𝝈( pp → cc̅̅ X )√s̅̅ = 13 TeV ≅ 2.4 mb
[JHEP 03 (2016) 159]

*from a single measurement

http://inspirehep.net/record/277142
http://dx.doi.org/10.1007/JHEP05(2017)074.


Direct CP violation measurements

• Measurement of ACP(D0→K-K+) 

• Search for CPV in D(s)+ →K-K+K+ 

• Search for CPV in D0→π-π+π0

[arXiv:2209.03179]

[arXiv:2303.04062]

[LHCB-PAPER-2023-005] in preparation

https://arxiv.org/abs/2209.03179
https://arxiv.org/abs/2303.04062
http://NONE
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• Corresponds to 

• Most promising channels are Cabibbo-suppressed (CS) decays 
 
 
 
 
 
 
 

Direct CP violation

4

D f
2
≠ f ̅

2
D̅̅

ACP =
|Af |2 � |Āf̄ |2

|Af |2 + |Āf̄ |2
6= 0

<latexit sha1_base64="hSxqYmR/6pov/OaYvhj6QjUrDmk="></latexit>

ACP

Tree 
(dominant)

Penguin 
(subleading)

Rescattering 
(subleading)

1.3. Mixing of neutral mesons 11

substitution � ! ��. In quantum mechanics, the strong and weak phases of an ampli-
tude are not observable, since only the amplitudes magnitude and the phase differences
between different amplitudes are. However, most decay processes receive contributions
from multiple amplitudes,

Af =
X

j

|Aj|ei(�j+�j), Āf̄ =
X

j

|Aj|ei(�j��j), (1.27)

where �j and �j are the strong and weak phases, respectively. CP relates Af and Āf̄ and
any violation is expressed as a non-zero value of the CP asymmetry, defined as

ACP =
|Af |2 � |Āf̄ |2

|Af |2 + |Āf̄ |2
. (1.28)

CP violation appears as a result of interference among various terms in the decay am-
plitude. In fact, to observe CP violation there must be a contribution from at least two
processes with both different weak and strong phases in order to have a non vanishing
interference term

|Af |2 � |Āf̄ |2 = �2
X

i,j

|Ai||Aj| sin(�i � �j) sin(�i � �j). (1.29)

The size of CP violation is determined by the differences of the phases, as well by the
ratio of the product of the magnitudes of the amplitudes responsible of CP violation
in numerator of Eq. 1.28 to the squared magnitude of the largest amplitudes in the
denominator,

|Af |2 + |Āf̄ |2 =
X

i

|Ai|2 +
X

i 6=j

|Ai||Aj| cos(�i � �j) cos(�i � �j). (1.30)

Although CP violation can be measured in the decay of many particles, neutral
flavoured meson decays are enriched by the possibility of having particle-antiparticle
transitions. For a better understanding of this phenomenology, the mixing of neutral
mesons is described in the next Section.

1.3 Mixing of neutral mesons
In the SM there are exactly four neutral mesons (plus their antiparticles) that are unable
to decay into lighter particles via the electromagnetic or strong interaction, namely the
K0 (ds), D0 (cu), B0 (db) and B0

s (sb) mesons. The flavour eigenstates listed above are
not mass eigenstates of the effective Hamiltoninan H that governs their time evolution.
As a consequence, flavoured neutral mesons have a non-zero probability of oscillating into

weak phasesstrong phases
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How can you measure ACP?

• Choose a flavour-specific decay such as D*+→ D0π+ (prompt) to 
determine whether the meson is a  or  

• The raw asymmetry (A) in D0 → K-K+ decays 
 
 
 
includes both physics and detector effects: 
 
 
 
 
 
 

D0 D0

5

A(D ! f) = N(D!f)�N(D̄!f̄)
N(D!f)+N(D̄!f̄)

<latexit sha1_base64="ppFqS112SpciBg20lC7oavvye/c="></latexit>

A = ACP + AP + AD

CPV 
parameter

π+tag

h+

h-

D*+

D0
PV

Detection asymmetry 
of π+tag

Production asymmetry 
of D*+

Nuisance asymmetries:

σ(pp → D*+X) ≠ σ(pp → D*−X) ϵ(π+) ≠ ϵ(π−)
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• Prompt D0→K-K+ collected during Run-2  

• Two methods to cancel nuisance asymmetries: 
 - D+ decays, same used in Run-1 analysis (CD+) 
 - Ds+ decays, new! (CDs+) 

• Correct raw asymmetry A using samples of Cabibbo-favoured (CF) 
D0, D+ and D(s)+ decays (where CPV can be neglected): 
 
 
 
 
 
 

particles with same 
color must have 

identical kinematic 
distributions!

Strategy for ACP(D0→K-K+)

6

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

soft)

+A(D+ → K−π+ π+) − [A(D+ → K 0 π+) − A(K 0)]

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

soft)

+A(D+
s → ϕπ+) − [A(D+

s → K 0 K+) − A(K 0)]

CD+:

CDs+:

[arXiv:2209.03179]

https://doi.org/10.1016/j.physletb.2017.01.061
https://arxiv.org/abs/2209.03179
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Results

• The combination of the two approaches yields: 

• Run1+Run2 measurements are combined and CP violation in 
D0→π-π+ is extracted considering the observed CPV in 𝚫ACP 

• First evidence for CPV in D0→π-π+!   [3.8𝞼]

7

within the years of data taking, also distinguishing di↵erent magnet polarities. Also, a224

splitting in subsamples based on the trigger configuration is considered. The p-values225

under the hypothesis of no dependencies of ACP (K�K+) on the various variables are226

found to be uniformely distributed. Checks using more stringent PID requirements and227

di↵erent trigger selections are performed, and all variations of ACP (K�K+) are found to228

be compatible within statistical uncertainties.229

The resulting values for ACP (K�K+) for both calibration procedures are230

CD+ : ACP (K
�K+) = [13.6± 8.8 (stat)± 1.6 (syst)]⇥ 10�4, (7)

CD+
s
: ACP (K

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

with a correlation corresponding to ⇢ = 0.06. The two results are in agreement within one231

standard deviation. Their combination is232

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

consistent with the previous LHCb results [20, 52]. Assuming that CP is conserved in233

mixing and in the interference between decay and mixing, the comparison of the result234

reported here with the current world average [54], gives a compatibility of 1.3 standard235

deviations.236

A combination of all the time-integrated CP asymmetries measured by LHCb to date237

is performed, under the hypothesis that the time-dependent CP violation term in Eq.2 is238

final-state independent, i.e. �YK�K+ = �Y⇡�⇡+ = �Y . The combination is performed239

including the previous LHCb measurements of ACP (K�K+) [20,52] and �ACP [13,47,52],240

statistically independent from the one reported in this Letter. To derive values of direct241

CP asymmetries, the current LHCb average of �Y [55], the world average of the D0
242

lifetime [46] and the values of reconstructed mean decay times for the D0 ! K�K+ and243

D0 ! ⇡�⇡+ decays in the various analysis are also used. The combination leads to244

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 correlation245

coe�cient equal to ⇢ = 0.88. Figure 2 shows the central values and the confidence regions246

in the (adK�K+ , ad⇡�⇡+) plane for this combination and the one realized with measurements247

from the Run 1 data taking period (2010 – 2012) [20,47,52,56,57]. The two combinations248

are based on an integrated luminosity of 8.7 fb�1 and 3.0 fb�1, respectively.249

The significance of the deviation from zero of the direct CP asymmetries correspond250

to 1.4 and 3.8 standard deviations for D0 ! K�K+ and D0 ! ⇡�⇡+ decays, respectively.251

This is the first evidence for direct CP violation in the D0 ! ⇡�⇡+ decay. The value252

of the relation adK�K+ + ad⇡�⇡+ = (30.8 ± 11.4) ⇥ 10�4 corresponds to a departure from253

U -spin symmetry of 2.7 standard deviations.254

In summary, this Letter reports the measurement of time-integrated CP asymmetry255

in D0 ! K�K+ decays. A combination with the previous LHCb measurements shows256

the first evidence of direct CP asymmetry in an individual charm decay. These results257

will help to clarify the theoretical understanding and establish whether the observed258

CP violation in neutral charm decay is consistent with the SM, or an indication of the259

existence of new dynamics in charm decays.260

8

𝚫ACP = ACP(D0→K-K+) - ACP(D0→π-π+) 
                              = (−15.4 ± 2.9)x10-4
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�K+) = [ 2.8± 6.7 (stat)± 2.0 (syst)]⇥ 10�4.

with a correlation corresponding to ⇢ = 0.06. The two results are in agreement within one231

standard deviation. Their combination is232

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

consistent with the previous LHCb results [20, 52]. Assuming that CP is conserved in233

mixing and in the interference between decay and mixing, the comparison of the result234

reported here with the current world average [54], gives a compatibility of 1.3 standard235
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from the Run 1 data taking period (2010 – 2012) [20,47,52,56,57]. The two combinations248

are based on an integrated luminosity of 8.7 fb�1 and 3.0 fb�1, respectively.249

The significance of the deviation from zero of the direct CP asymmetries correspond250

to 1.4 and 3.8 standard deviations for D0 ! K�K+ and D0 ! ⇡�⇡+ decays, respectively.251

This is the first evidence for direct CP violation in the D0 ! ⇡�⇡+ decay. The value252

of the relation adK�K+ + ad⇡�⇡+ = (30.8 ± 11.4) ⇥ 10�4 corresponds to a departure from253

U -spin symmetry of 2.7 standard deviations.254

In summary, this Letter reports the measurement of time-integrated CP asymmetry255

in D0 ! K�K+ decays. A combination with the previous LHCb measurements shows256

the first evidence of direct CP asymmetry in an individual charm decay. These results257

will help to clarify the theoretical understanding and establish whether the observed258

CP violation in neutral charm decay is consistent with the SM, or an indication of the259

existence of new dynamics in charm decays.260
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[Phys. Rev. Lett. 122, 211803]

[arXiv:2209.03179]

https://doi.org/10.1103/PhysRevLett.122.211803
https://arxiv.org/abs/2209.03179


Serena Maccolini 30 May 2023Charm: CPV and mixing

Search for local CP violation

• 3-body decays have unique features for CPV searches: 
due to the variation of the strong-phase a different size 
of CPV can be found across the Dalitz plane

8

1.3. Mixing of neutral mesons 11

substitution � ! ��. In quantum mechanics, the strong and weak phases of an ampli-
tude are not observable, since only the amplitudes magnitude and the phase differences
between different amplitudes are. However, most decay processes receive contributions
from multiple amplitudes,

Af =
X

j

|Aj|ei(�j+�j), Āf̄ =
X

j

|Aj|ei(�j��j), (1.27)

where �j and �j are the strong and weak phases, respectively. CP relates Af and Āf̄ and
any violation is expressed as a non-zero value of the CP asymmetry, defined as

ACP =
|Af |2 � |Āf̄ |2

|Af |2 + |Āf̄ |2
. (1.28)

CP violation appears as a result of interference among various terms in the decay am-
plitude. In fact, to observe CP violation there must be a contribution from at least two
processes with both different weak and strong phases in order to have a non vanishing
interference term

|Af |2 � |Āf̄ |2 = �2
X

i,j

|Ai||Aj| sin(�i � �j) sin(�i � �j). (1.29)

The size of CP violation is determined by the differences of the phases, as well by the
ratio of the product of the magnitudes of the amplitudes responsible of CP violation
in numerator of Eq. 1.28 to the squared magnitude of the largest amplitudes in the
denominator,

|Af |2 + |Āf̄ |2 =
X

i

|Ai|2 +
X

i 6=j

|Ai||Aj| cos(�i � �j) cos(�i � �j). (1.30)

Although CP violation can be measured in the decay of many particles, neutral
flavoured meson decays are enriched by the possibility of having particle-antiparticle
transitions. For a better understanding of this phenomenology, the mixing of neutral
mesons is described in the next Section.

1.3 Mixing of neutral mesons
In the SM there are exactly four neutral mesons (plus their antiparticles) that are unable
to decay into lighter particles via the electromagnetic or strong interaction, namely the
K0 (ds), D0 (cu), B0 (db) and B0

s (sb) mesons. The flavour eigenstates listed above are
not mass eigenstates of the effective Hamiltoninan H that governs their time evolution.
As a consequence, flavoured neutral mesons have a non-zero probability of oscillating into

weak phasesstrong phases

CPV in the interference with ϕπno CPV
8
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(b) a 4� CPV in the �⇡ phase. Note the di↵erence in colour scale between (a) and (b).
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FIG. 4. Layout of the (a) “Adaptive I” and (b) “Adaptive II” binnings on the Dalitz plot of data.

the strong phase within bins. The model-dependence of
this simulation could, in principle, influence the binning
and therefore the sensitivity to CPV, but it cannot intro-
duce model-dependence into the final results as no artifi-
cial signal could result purely from the choice of binning.
Two further binning schemes, “Uniform I” and “Uniform
II”, are defined. These use regular arrays of rectangular
bins of equal size.

The adaptive binnings are used to determine the sen-
sitivity to several manifestations of CPV. With 200 test
experiments of approximately the same size as the sig-
nal sample in data, including no asymmetries, no CP -
violating signals are observed at the 3� level with Adap-
tive I or Adaptive II. The expectation is 0.3.

With the chosen binnings, a number of sets of 100
pseudo-experiments with di↵erent CP -violating asymme-
tries are produced. The probability of observing a given
signal in either the �(1020) or (800) resonances with
3� significance is calculated in samples of the same size
as the dataset. The results are given in Table IV. The
CPV shows up both in the �2/ndf and in the width of

the fitted SCP distribution.
For comparison, the asymmetries in the � phase and

 magnitude measured by the CLEO collaboration us-
ing the same amplitude model were (6 ± 6+0+6

�2�2)
� and

(�12± 12+6+2
�1�10)%,2 where the uncertainties are statisti-

cal, systematic and model-dependent, respectively. Ta-
ble IV suggests that, assuming their model, we would be
at least 95% confident of detecting the central values of
these asymmetries.
The sensitivity of the results to variations in the Dalitz

plot model and the background is investigated, and ex-
ample results for the CP asymmetry in the �(1020) phase
are shown in Table V. In this table, models A and B
are taken from the CLEO paper, model B2 includes an
f0(980) contribution that accounts for approximately 8%

2
The conventions used in the CLEO paper to define asymmetry

are di↵erent, so the asymmetries in Table II of [7] have been

multiplied by two in order to be comparable with those given

above.
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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 =

N i(D+
(s))� ↵N i(D�

(s))q
↵(�2

N i(D+
(s))

+ �2
N i(D�

(s))
)
, with ↵ =

P
i N

i(D+
(s))P

i N
i(D�

(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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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 =

N i(D+
(s))� ↵N i(D�

(s))q
↵(�2

N i(D+
(s))

+ �2
N i(D�

(s))
)
, with ↵ =

P
i N

i(D+
(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.

4

D+→K-K+π+ D+→K-K+π+

https://doi.org/10.1103/PhysRevD.84.112008
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0.9 M 1.3 M

D+Ds+

D+Ds+

physically motivated binning scheme

Search for CPV in D(s)+ →K-K+K+

9

d.o.f. = # bins -1

2 Analysis Strategy55

The analysis was initially intended to use the same model-independent56

binned technique utilised in previous searches for CPV in the decays57

D+ ! K�K+⇡+ [4] and D+ ! ⇡�⇡+⇡+ [7]. A direct comparison between58

the D+ and D� Dalitz plots on a bin-by-bin basis [8, 9] is performed, using59

a �2 test. The �2 test statistic is defined as60

�2(SCP) =
X

(S i
CP )

2, (1)

where S i
CP is given by61

S i
CP =

N+

i � ↵N�
iq

�N+

i
2
+ ↵2�N�

i
2 � 2↵�N+

i N�
i

, ↵ ⌘ N+

N� .

In the expressions above, N±
i and �N±

i are the number of signal can-62

didates and uncertainty in the ith bin of the D± DP, and N± is the total63

number of D± signal candidates, integrated over the DP. The constant ↵64

removes the global net asymmetry.65

The number of degrees of freedom is the number of bins subtracted66

from one constraint, of the overall D+/D� normalization. The p-value67

that results from this test measures the degree of confidence that the68

di↵erences between theD+ andD� Dalitz plots are driven only by statistical69

fluctuations. A p-value smaller than 3⇥ 10�7 corresponds to an observation70

of CPV with a significance larger than 5�. In the absence of significant71

local asymmetries, the S i
CP values are distributed according to a Gaussian72

distribution with zero mean and unit width.73

In the previous analyses mentioned above, the number of signal candi-74

dates in each bin was determined by counting the number of candidates75

within a signal window in the 3-body invariant mass distribution around76

the nominal D+ mass. The yields therefore included both signal decays77

and background candidates and �N±
i
2
= N±. In the present study, the78

number of signal candidates and its uncertainty are determined from a fit79

to the K+K�⇡� invariant mass spectrum in each bin of the DP. The full80

MC simulation is used as a guide for the signal parameterization in each81

bin. Details of the mass fits are presented in Sect. 2.2.82
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𝒮i
CP ∼ G(0,1)

[arXiv:2303.04062]

• Study local CPV in CS (D+) and doubly-CS (Ds+) decays using Run2 
data, for the first time 

• Strategy: 
𝛘2 test of SCP 
 
 
 
validated with CF Ds+→K-K+π+ decays 

• Results: 
p-value(Ds+) = 13.3% 
p-value(D+) = 31.6% 

• No evidence of local CPV
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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
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N i(D+
(s))� ↵N i(D�

(s))q
↵(�2

N i(D+
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+ �2
N i(D�

(s))
)
, with ↵ =

P
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i(D+
(s))P

i N
i(D�

(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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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.
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• Underlying physics similar to the “CP-violating” 
D0→π-π+ but enriched with resonances 

• Strategy: Energy test (unbinned) 
- use a test statistic ‘T’ sensitive both to local and global asymmetries 
- p-value by comparing the T value observed in data to a distribution 
of T values obtained from permutation samples 
(flavour randomly assigned) 

• Run-1 analysis returned a 
p-value of 2.6% 

• New results using prompt 
decays collected in Run 2 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Figure 2: Dalitz plots for the background-subtracted signal samples for the resolved (left) and
merged (right) ⇡0 categories, with the two m2(⇡±⇡0) variables chosen for the projection. The
three ⇢±,0 resonances dominate the phase space.

6 Sensitivity studies and optimisation247

The energy test has a single tunable parameter, �, which sets the phase-space scale of248

the test and is chosen to optimise the sensitivity of the method. The optimal value will249

depend both on the size of the dataset and the distribution of candidates in the phase250

space. Di↵erent values chosen for � may be optimal for di↵erent CP violation scenarios.251

Pseudoexperiments are used to study such e↵ects and select the � value for this analysis.252

In the pseudoexperiments, distributions of signal decays similar to the data are gener-253

ated in the phase space using the Laura++ package [64], with an amplitude model taken254

from a previous analysis of this channel [63]. This model consists of several components255

from di↵erent intermediate resonances and a non-resonant term, each multiplied by a256

complex coe�cient. The dominant contributions are from charged and neutral ⇢(770)257

resonances, with fit fractions of 67.8% (⇢+⇡�), 34.6% (⇢�⇡+), and 26.2% (⇢0⇡0) for the258

D0 decay. CP -violating processes are emulated by adjusting the D0 and D0 complex259

coe�cients, either in their magnitudes or phases, for both the dominant (⇢(770)+⇡�) and260

sub-dominant (⇢(770)�⇡+) intermediate states.261

For each pseudoexperiment the number of signal candidates is set to match the262

corresponding signal yield in data, for the combination of merged and resolved samples.263

Nonuniform e�ciency e↵ects and background contamination are implemented based on264

studies with the data to make the pseudoexperiments more realistic. For di↵erent studies,265

backgrounds are generated either with or without a global charge asymmetry.266

Pseudoexperiments are generated with CP asymmetries of varying size to study the267

sensitivity of the analysis as a function of the choice of � value. Phase (magnitude)268

di↵erences between D0 and D0 decay amplitudes are generated in the range 0.1�–1.0�269

(0.1%–1.0%). These pseudoexperiments are evaluated using the energy test method270

at 17 di↵erent values of � ranging from 0.03–1.5 (GeV/c2)2. In each case a p-value is271

determined and these are plotted as a function of �. The optimal choice of � for a272

given pseudoexperiment is that which gives the smallest p-value. To reduce the impact273

of statistical fluctuations, five pseudoexperiments are generated for each CP violation274
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CPV with 1° strong-phase 
in the  resonanceρ+2% global CPV

[PhysLettB 2014 11 043]

Search for CPV in D0→π-π+π0

10

[LHCB-PAPER-2023-005] in preparation
preliminary

https://doi.org/10.1016/j.physletb.2014.11.043
http://NONE
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• T is used to compare average distances dij in phase space, based on a 
metric function, ψij , of pairs of events ij belonging to two samples of 
opposite flavour 

• Method applied to the 2.7M collected signal candidates 
and validated with CF D0→K-π+π0 decays 

• Results: p-value = 62% no evidence for CPV in this decay mode

Energy test and results

11

19/21

Introduction D0 ! K�K+ D+
(s)

! K�K+K+ D0 ! ⇡+⇡�⇡0 (NEW) Summary

CP violation?

No evidence for CP violation in localised
regions of phase space is found for the
decay.

Validated with Cabibbo favoured
(CF) D0 ! K�⇡+⇡0.

P-value = 0.62. Consistent with no
CPV hypothesis.

Four times the data of the Run 1
result!

Figure: IN PREPARATION
(LHCb-PAPER-2023-005): Distribution of
T-values obtained by running the energy test
over the final D0 ! ⇡+⇡�⇡0 signal sample.

[LHCB-PAPER-2023-005] in preparation

for the resolved and merged samples. The BDT
uses the variables related to the kinematic and topo-
logical properties of the signal decays, as well as the
⇡0 quality. It is trained separately for the resolved
and merged data categories. The most discrimi-
nating variables in the resolved sample are pT(⇡+

s ),
pT(D0) and pT(⇡0), while in the merged sample
these are pT(⇡+

s ), pT(D
0) and the D0 �2

IP. The op-
timal value of the BDT discriminant is determined
by estimating the D⇤+ signal significance for var-
ious requirements on the BDT output. It retains
approximately 75% (90%) of the resolved (merged)
signal events while removing 90% (55%) of the back-
ground. Figure 1 shows the �m distributions for
the selected data set for events with resolved and
merged ⇡0 candidates. The signal shapes, fitted
in Fig. 1 with a sum of three Gaussian functions,
significantly di↵er between both samples reflecting
the di↵erent ⇡0 momentum resolutions. The lower
momentum resolution of the merged ⇡0 mesons rel-
ative to the resolved ⇡0 mesons makes the core part
of the merged signal distribution wider, while the
low-pT ⇡0 mesons contributing to the resolved signal
enlarge its tail component. The background shape
is fitted using a second-order polynomial multiplied
by

p
1�m⇡+/�m.

The final signal sample is selected requiring
|�m � 145.4| < 1.8MeV/c2, which corresponds to
roughly four times the e↵ective �m resolution. The
e↵ective resolution is similar for both resolved and
merged ⇡0 samples when averaging the narrow and
broad components of the peak. This gives 416⇥103

resolved and 247⇥103 merged signal candidates with
a purity of 82% and 91%, respectively. The Dalitz
plot of the final signal sample is shown in Fig. 2. The
smaller number of candidates in the low m2(⇡+⇡�)
region compared with the high m2(⇡+⇡�) region is
due to acceptance e↵ects related to the ⇡0 recon-
struction as discussed in Sec. 5.

4 Energy test method

Model-independent searches for local CP violation
are typically carried out using a binned �2 approach
to compare the relative density in the Dalitz plot
of a decay and its CP -conjugate sample (see for
example [5, 13]). A model-independent unbinned
statistical method called the energy test was in-
troduced in Refs. [6, 7]. Reference [14] suggests
applying this method to Dalitz plot analyses and
demonstrates the potential to obtain improved sen-
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Figure 1: Distribution of �m with fit overlaid for the
selected data set with (a) resolved and (b) merged ⇡0

candidates. The lines show the fit results for total signal
(dot-dashed red), widest Gaussian signal component
(dotted red), background (dashed green), and total (solid
blue).

sitivity to CP violation over the standard binned
approach. This Letter describes the first application
of this technique to experimental data.
In this method a test statistic, T , is used to

compare average distances in phase space, based on
a metric function,  ij , of pairs of events ij belonging
to two samples of opposite flavour. It is defined as

T =
nX

i,j>i

 ij

n(n� 1)
+

nX

i,j>i

 ij

n(n� 1)
�

n,nX

i,j

 ij

nn
, (1)

where the first and second terms correspond to a
metric-weighted average distance of events within
n events of one flavour and n events of the opposite
flavour, respectively. The third term measures the

3

average distance of events 
with the opposite flavouraverage distance of events with 

the same flavour (  or )n n

 ψij = e−d2
ij /2σ2

dij = | (m2, j
12 − m2,i

12 , m2, j
23 − m2,i

23 , m2, j
13 − m2,i

13 ) |
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• Millions of “rare” (CS) decays have been reconstructed by LHCb in Run-2 
allowing high-precision CPV searches 

• A precision of 6x10-4 has been obtained in ACP(D0→K-K+) combining D+ 
and Ds+ decays to cancel nuisance asymmetries 

• From combination with 𝚫ACP, first evidence for direct CP violation in 
D0→π-π+ decays 

• Statistics tests are powerful tools to localise CPV in 3-body decays 

• No evidence for CPV found with statistic tests in D(s)+ →K-K+K+ and 
D0→π-π+π0 

• Run-3 data-taking has started, early results will come soon

Conclusions

12
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Mixing of neutral mesons

• Mass eigenstates are not flavour eigenstates: 

• This causes D0 ↔ D̅0 transitions described by 

14

|D1,2i = p
��D0

↵
± q

��D̄0
↵

<latexit sha1_base64="u31QYkM2HcMkjnXPPJeT+k7xbF8="></latexit>

K0-K̄0 
x = -0.95 
y = 0.99

Bs0-Bs0 
x = 26.1 
y = 0.15

D0-D0

Tiny mixing in charm!

e−Γt

Γ =
Γ1 + Γ2

2

x =
m1 − m2

Γ

y =
Γ1 − Γ2

2Γ
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CP violation

15

f ̅
D̅̅

D
2

≠ fD̅̅
D 2

f ̅
D̅̅

D fD̅̅
D

D f2

≠
f ̅ 2D̅̅

+ +

• CPV in mixing 
occurs if |q/p | ≠ 1

• Indirect CPV in interference 
between mixing and decay 
occurs if ϕf ≡ arg(qĀf̄ /pAf ) ≠ 0

D f
2
≠ f ̅

2
D̅̅• CPV in the decay 

occurs if |Af |
2 ≠ | Āf̄ |
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• Run 1: 
- observation of D0 mixing 

• Run 3: ? 

• Era of increasing precisions in charm measurements. 
 

Conclusions

16

[LHCB-PUB-2018-009]

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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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.
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✔ ✔
✔
✔

🤞are we ready? lots of work to keep under control 
sources of systematic uncertainties…

• Run 2: 
- observation of x > 0 
- observation of CP violation

https://arxiv.org/abs/1808.08865

