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Why charm is charming?

• CP violation (CPV) in charm is suppressed 
(asymmetries expected ~0.1% or below) 

• Sensitive to possible contributions of 
physics beyond the SM 

• Up-type quark: complementary to 
studies in K and B systems 

• LHCb is the main player in this quest 

• CPV in charm has been searched for since decades, 
in 2019 the LHCb experiment finally observed in neutral 
meson decays!
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𝝈( pp → cc̅ X )√s̅ = 13 TeV ≅ 2.4 mb
[JHEP 03 (2016) 159]
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Direct CP violation
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• Corresponds to 
 

• Most promising channels are Cabibbo-suppressed (CS) 
decays because CPV may arise from the interference 
between the tree and the penguin amplitude 

D f
2
≠ f ̅

2
D̅̅

ACP =
|Af |2 � |Āf̄ |2

|Af |2 + |Āf̄ |2
6= 0
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Time-dependent CP violation

• In D0 mesons, the time-integrated CP asymmetry between the 
decay rates 
 
 
 
 
doesn’t correspond to   but is affected by   mixing: 
 
 
 
 
where   is related to the mixing parameters and   is the average 
(acceptance dependent) decay time of the D0 mesons in the 
experimental sample. 
This corresponds to a correction of few times 10-4.

ad
f D0 − D0

ΔY ⟨t⟩f
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ACP( f ) =
∫ ϵ(t)Γ(D0 → f )dt − ∫ ϵ(t)Γ(D0 → f )dt
∫ ϵ(t)Γ(D0 → f )dt + ∫ ϵ(t)Γ(D0 → f )dt

ACP( f ) ≈ ad
f +

⟨t⟩f

τD0
ΔY ΔYf ≈ − x12 sin ϕM

f + y12cosϕM
f ad

f

[Phys. Rev. D 103, 053008]

  = decay-time acceptanceϵ(t)

https://inspirehep.net/literature/1776611


Measurement of direct CP asymmetries 
in D0→K-K+ and D0→π-π+ decays

NEW result!

Presented    
for the first time!

[LHCB-PAPER-2022-024] in preparation

https://cds.cern.ch/record/2812286
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• CP Violation in Charm has been observed in the difference 
 
 
 
 
The measurement of ACP(D0→K-K+) and ACP(D0→π-π+) separately 
is necessary to understand the nature of CPV 

• The strategy consists in measuring ACP(D0→K-K+) and then 
retrieve   and   from the combination with   

• Last measurement of ACP(D0→K-K+) from LHCb using Run-1 data: 
 

ad
KK ad

ππ ΔACP

 6

Motivation
[Phys. Rev. Lett. 122, 211803]

ΔACP     = ACP(D0→K-K+) - ACP(D0→π-π+) 
=          (-15.4 ± 2.9)x10-4

[Phys. Lett. B 767 177-187]
ACP(D0 → K+K+) = [14 ± 15 (stat) ± 10 (syst)] × 10−4

https://doi.org/10.1103/PhysRevLett.122.211803
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Direct CPV measurements

• D0 or D̅0 tagging: 
prompt (coming from primary vertex) 

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

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

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

(—)

D*+- → D0 π+-soft

Detection asymmetry 
of π+soft

Production asymmetry 
of D*+

AP (D) =
�(D)� �(D̄)

�(D) + �(D̄)
<latexit sha1_base64="lW4dEgZ9afZaTYP/JKu8L1mV5gI="></latexit>

AD(f) =
✏(f)� ✏(f̄)

✏(f) + ✏(f̄)
<latexit sha1_base64="00XBXyD5+7K507LzK5ui9ZQZVwA="></latexit>

CPV 
parameter

Nuisance asymmetries:
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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 D0/D(s)+ decays (where 
CPV can be neglected): 
 
 
 
 
 
 
 
where A(K̄0) includes the detection asymmetry of neutral kaons, mixing and CP-
violating effects. 

• For each kinematically weighted sample, the raw asymmetry A is determined with a 
simultaneous fit to the positive and negative final state invariant-mass distributions

particles with same 
color (“twin”) must 

have identical 
kinematic 

distributions!

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

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

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+:

[backup]

https://doi.org/10.1016/j.physletb.2017.01.061
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Weighting procedure
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Signal yields

• Statistical precision on ACP of 
8.8x10-4 and 6.7x10-4 for CD+ 
and CDs+, respectively
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Table 1: Signal yields and statistical reduction factors for the various decay modes and both
calibration procedures.

Decay mode Signal yield [106] Reduction factor

CD+ CD+
s

CD+ CD+
s

D0 ! K�K+ 45 40 0.75 0.75

D0 ! K�⇡+ 60 55 0.35 0.75

D+ ! K�⇡+⇡+ 192 – 0.25 –

D+
s ! �⇡+ - 83 – 0.55

D+ ! K0⇡+ 8 – 0.25

D+
s ! K0K+ – 6 – 0.40

After subtracting the neutral kaon asymmetries, the individual ACP (K�K+) values165

per subsample are found to be in agreement, with a p-value of 0.85 and 0.22 for the166

CD+ and CD+
s
methods, respectively. Finally, the measurements in each subsample are167

averaged to obtain the final result for each procedure.168

Several sources of systematic uncertainties are considered, and studied separately for169

CD+ and CD+
s
calibration procedures. The systematic uncertainty related to the knowledge170

of the description of the signal and background in the invariant-mass distributions is171

evaluated by generating pseudoexperiments according to the baseline fit models, and172

fitting alternative models to those data. A fit-independent approach is also considered,173

based on a sideband subtraction in the invariant-mass distribution. A value of 1.1⇥ 10�4
174

and 1.0⇥ 10�4 for the CD+ and CD+
s
procedures, with a correlation of 0.05, is assigned as175

a systematic uncertainty.176

A systematic uncertainty associated to the presence of background components peaking177

in m(D0⇡) and not in m(K�K+) is determined by fits to the latter distribution in the178

D0 ! K�K+ samples. The various backgrounds are modeled using fast simulation [53].179

The main sources are the D0 ! K�⇡+⇡0 and D0 ! K�e+⌫e decays. A similar study is180

performed on the D0 ! K�⇡+ decay sample, where the peaking background contributions181

are found to be negligible. Values of 0.3⇥ 10�4 and 0.4⇥ 10�4 are assigned as systematic182

uncertainties for the CD+ and CD+
s
calibration procedures, respectively. Their correlation183

is 0.74, determined using the statistical correlation between the di↵erently weighted184

D0 ! K�K+ samples. Although suppressed by the stringent requirement on the IP, a185

fraction of D mesons from b-hadron decays is still included in the final sample. As the186

di↵erent decay modes may have di↵erent levels of contamination, the value of ACP (K�K+)187

may be biased through an incomplete cancellation of the production asymmetries of188

b-hadrons. Simulation samples of b-hadron decays are used to obtain the expected189

distributions of the charmed mesons IP for those not originating from a PV. These shapes190

are then used to determine their contribution in data through fits to the IP distributions.191

The corresponding systematic uncertainties are estimated to be 0.6⇥ 10�4 and 0.3⇥ 10�4
192

for the CD+ and CD+
s
calibration procedures, respectively, with a negligible correlation193

between them.194

Any residual disagreement between the kinematic distributions among the various195

6

2005 2010 2015

m(D0⇡+
) [MeV/c2]

0

200

400

600

800

1000

1200

1400

1600

1800
⇥10

3

C
a
n
d
id
a
t
e
s
p
e
r
0
.0
3
1

M
e
V
/
c2

LHCb

5.7 fb�1
D0 ! K�K+

Data

Fit

Comb. bkg.

-5
-4
-3
-2
-1
0
1
2
3
4
5

2005 2010 2015

m(D0⇡+
) [MeV/c2]

0

500

1000

1500

2000

2500

⇥10
3

C
a
n
d
id
a
t
e
s
p
e
r
0
.0
3
1

M
e
V
/
c2

LHCb

5.7 fb�1
D0 ! K�⇡+

Data

Fit

Comb. bkg.

1800 1850 1900

m(K�⇡+⇡+
) [MeV/c2]

0

1000

2000

3000

4000

5000

⇥10
3

C
a
n
d
id
a
t
e
s
p
e
r
0
.5

M
e
V
/
c2

LHCb

5.7 fb
�1

D+ ! K�⇡+⇡+

Data

Fit

Comb. bkg.

1800 1850 1900

m(K0
S⇡

+
) [MeV/c2]

0

20

40

60

80

100

⇥10
3

C
a
n
d
id
a
t
e
s
p
e
r
0
.5

M
e
V
/
c2

LHCb

5.7 fb
�1

D+ ! K0⇡+

Data

Fit

Comb. bkg.

1900 1950 2000

m(K�K+⇡+
) [MeV/c2]

0

200

400

600

800

1000

1200

1400

⇥10
3

C
a
n
d
id
a
t
e
s
p
e
r
0
.5

M
e
V
/
c2

LHCb

5.7 fb
�1

D+
s ! �⇡+

Data

Fit

Comb. bkg.

1900 1950 2000

m(K0
SK

+
) [MeV/c2]

0

20

40

60

80

100

120

140
⇥10

3

C
a
n
d
id
a
t
e
s
p
e
r
0
.5

M
e
V
/
c2

D+
s ! K0K+

Data

Fit

Comb. bkg.

LHCb

5.7 fb
�1

Figure 1: Distributions of the invariant mass for the weighted charm candidates, for the
decays (top left) D⇤+ !D0 (!K�K+)⇡+, (top right) D⇤+ ! D0(! K�⇡+) ⇡+, (centre left)
D+ ! K�⇡+⇡+, and (centre right) D+ ! K0⇡+, and those relevant for the CD+

s
calibration

procedure: (bottom left) D+
s ! K�K+⇡+, and (bottom right) D+

s ! K0K+. The data for the
D⇤+ !D0 (!K�K+)⇡+ and D⇤+ ! D0(! K�⇡+)⇡+ decays use the weights determined in
the CD+ calibration procedure. The results of the fits overlaid to these distributions are shown
as well.
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Systematic uncertainties
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142 Chapter 3. Measurement of CP violation in charm decays

3.9 Systematic uncertainties
The systematic uncertainty in the neutral kaon asymmetry has been already evaluated
in Section 3.6.2 with a novel data-driven method. In this section, additional systematic
uncertainties are quoted considering possible contributions due to the presence of D⇤+,
D+ or D+

s mesons from b-hadron decays (Section 3.9.1), the presence of peaking back-
grounds (Section 3.9.2), the mismodeling in the shapes used to fit the raw asymmetries
(Section 3.9.3), the inaccuracy in the kinematic weighting (Section 3.9.4) and the ne-
glected contribution from charged kaon detection asymmetries in the D+

s ! �⇡+ decays
(Section 3.9.5).

Moreover, consistency checks are performed in Section 3.10 to support the analysis
procedure and investigate possible unexpected biases by comparing results obtained in
subsamples selected according to criteria that are not expected to affect the measurement.
Table 3.38 reports a summary of all the systematic uncertainties, whose determination
is explained in details in the following sections.

Source ACP (K�K+)|D+ ACP (K�K+)|D+
s ⇢

Neutral kaon asym. 0.6 1.3 1.00
Secondary decays 0.6 0.3 /
Peaking backgrounds 0.3 0.4 0.74
Fit model 1.1 1.0 0.05
Kinematic diff. 0.8 0.4 /
Charged kaon asym. / 1.0 /

Total systematic 1.6 2.0 0.28

Statistical 8.8 6.7 0.05

Table 3.38: Summary of the uncertainties in units of 10�4 on the measured quantities.
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Table 2: Systematic uncertainties on ACP (K�K+) for the two calibration procedures CD+

and CD+
s
. The total uncertainties are obtained as the sums in quadrature of the individual

contributions. Correlations between the systematic uncertainties of the two calibration procedures
are also reported.

Source CD+ CD+
s Correlation

[10�4] [10�4]

Secondary decays 0.6 0.3 –

Peaking backgrounds 0.3 0.4 0.74

Fit model 1.1 1.0 0.05

Kinematic weighting 0.8 0.4 –

Neutral kaon asymmetry 0.6 1.3 1.00

Charged kaon asymmetry – 1.0 –

Total 1.6 2.0 0.28

decay modes leads to an imperfect cancellation of the nuisance asymmetries. To estimate196

the e↵ect of the finite accuracy of the weighting procedure, the di↵erence between the197

asymmetries calculated for each pair of decay modes is computed over the three-dimensional198

vector momentum of the relevant particles in each sample. A systematic uncertainty is then199

obtained as the average of these di↵erences. The corresponding values are 0.8⇥ 10�4 and200

0.4⇥ 10�4 for the CD+ and CD+
s
procedures, respectively, with a negligible correlation. To201

test the accuracy of the estimated value for A(K0), a linear term with one free parameter202

is introduced in the function that describes the dependence of A(K0) on the neutral-kaon203

decay time. The parameter is determined by fitting the charge asymmetry in D+ ! K0⇡+
204

decays as a function of the K0 decay time, where the neutral kaon decays outside the205

vertex detector. The parameter is found to be consistent with zero. Its uncertainty206

is propagated to the K0 lifetimes relevant for ACP (K�K+) and assigned as systematic207

uncertainty. The resulting, fully correlated, systematic uncertainties are 0.6⇥ 10�4 and208

1.3⇥ 10�4 for the CD+ and CD+
s
calibration procedures, respectively.209

In the CD+
s
calibration procedure, other D+

s ! K�K+⇡+ decay modes than D+
s ! �⇡+

210

may break the symmetry between the K� meson and K+ meson’s kinematic distributions.211

In turn, due to the momentum-dependent instrumental asymmetry of the kaon, this can212

lead to a bias in the measured asymmetry. This e↵ect is estimated by combining the two213

momentum distributions with the expected charged-kaon asymmetry from simulation.214

The resulting systematic uncertainty is 1.0⇥ 10�4.215

All individual contributions are summed in quadrature to give the total systematic216

uncertainties of 1.6⇥ 10�4 and 2.0⇥ 10�4 for the CD+ and CD+
s
calibration procedures,217

respectively. A summary of all systematic uncertainties is reported in Table 2.218

Numerous additional robustness checks are carried out. The measured value of219

ACP (K�K+) is studied as a function of several variables, notably including the decay220

time, the transverse momentum and the pseudorapidity of the D0 meson; the decay time221

and the pseudorapidity of the K0 meson; and the IP significance of the final-state particles222

of the control modes. Furthermore, the total sample is split by di↵erent run periods223
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Figure 8: Measured asymmetry in D+ !K0⇡+ decays as a function of K0 decay time in units
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account for unrelated nuisance asymmetries (i.e. Aprod(D+) and Adet(⇡+)).

1800 1900 2000
]2c) [MeV/+K−K(m

410

510

610

2 c
C

an
di

da
te

s p
er

  0
.9

1 
M

eV
/ Data

+K−K → 0D
0π+π−K → 0D

eν+e−K → 0D
+π−K → 0D

+π+K−K → s
+D

X+K−K
Comb. bkg.

1−5.7 fb
LHCb

Figure 9: Distribution of the K�K+ invariant mass, along with the result of the fit describing
the expected background components. The vertical lines indicate the interval applied in the
selection of D0 candidates for the determination of ACP (K�K+).

14

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
-valuep

0

2

4

6

8

10

N
um

be
r o

f t
es

ts

LHCb

Figure 6: Distribution of the p-values resulting from the consistency checks on ACP (K�K+)
measured in di↵erent data sub samples. The blue line represents the expected uniform distribu-
tion.

0 0.1 0.2 0.3

t/⌧S

0

0.02

0.04

0.06

0.08

0.1

0.12

C
a
n
d
id
a
t
e
d
e
n
s
it
y

LHCb

5.7 fb�1

D+ ! K0⇡+
(CD+)

D+
s ! K0K+

(CD+
s
)

0.5 1 1.5 2

t/⌧S

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

C
a
n
d
id
a
t
e
d
e
n
s
it
y

LHCb

5.7 fb�1

D+
s ! K0K+

(CD+
s
)

Control sample

Figure 7: Distributions of the neutral-kaon decay time for background-subtracted and weighted
candidates considered in the determination of ACP (K�K+) values. The left panel presents the
distributions at low neutral-kaon decay time, and the right panel presents the distributions at
higher decay times. The right panel includes the distribution for the D+ ! K0⇡+ decays, where
the neutral kaon decays outside of the LHCb vertex detector, used (and referred to) as control
sample in the estimation of A(K0).

13

[backup]

LHCb preliminary

LHCb preliminary

LHCb preliminary

• neutral kaon asymmetry: accuracy 
tested with a data-driven approach 

• secondary decays: presence of D 
meson from semi-leptonic B decays 
estimated 

• peaking backgrounds: impact 
estimated by fits to the m(KK) 
invariant mass 

• fit model: alternative signal and 
background shapes evaluated 

• kinematic difference: residual 
difference from weighting procedure 

• charged kaon asymmetry: K-K+ 
asymmetries from Ds+→ɸπ+ decays 
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Final results for ACP(K-K+) and combination
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• Final results for ACP(K-K+) are: 
 
 
 
 
with an overall correlation coefficient ρ = 0.06 and are 
found to be compatible within 1 standard deviation. 

• The combination yields 
 

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
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From ACP(K-K+) to  and ad
KK ad

ππ
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• Direct CP violation parameters  and  in D0→K-K+ 
and D0→π-π+ are calculated from the combination of 
  with   and accounting for possible time-
dependent CP violation considering 

• All Run-1 and Run-2 measurements are embedded in a 
global 𝛘2, taking into account correlations.

ad
KK ad

ππ

ACP(K−K+) ΔACP

ACP(K−K+) = ad
KK +

⟨t⟩KK

τD0
ΔY

ΔACP = ad
KK − ad

ππ +
⟨t⟩KK − ⟨t⟩ππ

τD0
ΔY

ΔY = [−1.04 ± 1.17] × 10−4

[Phys. Rev. D 104, 072010]

https://doi.org/10.1103/PhysRevD.104.072010
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• They report the first evidence for direct CP violation in 
D0→π-π+ decays at the level of 3.8 . 

• U-spin breaking in CP asymmetries: 
  at the level of 2.7 .

σ
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ππ ≠ 0 σ
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Figure 2: Central values and two-dimensional confidence regions in the (adK�K+ , ad⇡�⇡+) plane,
for the full LHCb combination and the one based on Run 1 data, corresponding to an integrated
luminosity of 8.7 fb�1 and 3.0 fb�1, respectively.

In summary, this Letter reports a measurement of time-integrated CP asymmetry260

in D0 ! K�K+ decays. A combination with the previous LHCb measurements shows261

the first evidence of direct CP asymmetry in an individual charm decay. These results262

will help to clarify the theoretical understanding and establish whether the observed263

CP violation in neutral charm decay is consistent with the SM, or an indication of the264

existence of new dynamics in charm decays.265
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First evidence for direct CP violation
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LHCb preliminary
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• Direct CP violation asymmetries   and   are calculated from 
the combination of ACP with previous LHCb measurements, revealing 
the first evidence for direct CP violation in D0→π-π+ decays

ad
KK ad

ππ

Conclusions

 15

-5 0 5 10

ACP (K�K+) [10�2]

-50 0

ACP (K�K+) [10�4]

E791

FOCUS

CLEO

Belle

BaBar

CDF

LHCb 3 fb�1

LHCb 5.7 fb�1

H
F
L
A
V

• A measurement of ACP(D0→K-K+), 
using prompt decays collected during 
Run-2, has been presented 

• A precision of 6x10-4 has been 
obtained combining D+ and Ds+ decays 
to cancel nuisance asymmetries. 

• The measurement is the most accurate 
in the world and is still statistically 
dominated.

LHCb preliminary
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D0→K-K+ processes (as an example)

 17

Tree 
(dominant)

Penguin 
(subleading)

Rescattering 
(subleading)
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• Data collected in Run-2 with exclusive 
online trigger lines have been used 

•  candidates reconstructed as KS→π-π+ using long-long tracks to better control 
neutral kaon asymmetry 

• For simplicity, the D0→K-π+ sample is split in 2 subsamples to be used in the D+ and 
Ds+ methods. 

• D*+/D(s)+ meson has to be prompt to avoid production asymmetries from B meson 
decays→ cut on the impact parameter (IP) 

• Kinematic regions with very large values of raw asymmetries need to be removed 

• Tight particle-ID cuts to reduce mis-ID backgrounds 

• The “harmonization” rule: every kinematic, PID and trigger requirement applied to a 
particle must be applied to the other “twin” particle. This simplifies the weighting 
procedure and avoids any possible final-state induced asymmetries.

K0

Selection

 18
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The “harmonization” rule

• In the formula, “twin” particles must induce the exact 
amount of nuisance asymmetry 
 
 
 
 

• Every kinematic, PID and trigger requirement applied to a 
particle must be applied to the other “twin” particle 

• This simplifies the weighting procedure and avoids any 
possible final-state induced asymmetries

 19

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+:
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• For each method, an iterative weighting 
approach has been used on the four 
decay modes. 

• This is done until a satisfactory agreement 
of all kinematic distributions is obtained. 
 
 
 
 
 
 
 

Weighting procedure
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Fit results
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Figure 6: Distribution of the p-values resulting from the consistency checks on ACP (K�K+)
measured in di↵erent data sub samples. The blue line represents the expected uniform distribu-
tion.
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Figure 7: Distributions of the neutral-kaon decay time for background-subtracted and weighted
candidates considered in the determination of ACP (K�K+) values. The left panel presents the
distributions at low neutral-kaon decay time, and the right panel presents the distributions at
higher decay times. The right panel includes the distribution for the D+ ! K0⇡+ decays, where
the neutral kaon decays outside of the LHCb vertex detector, used (and referred to) as control
sample in the estimation of A(K0).
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• Different interaction cross-sections of K0 and K̄0 mesons with 
matter, including effects due to mixing and CPV induce an 
asymmetry. 

• Evaluated for each sample with a KS in the final state using 
LHCb material map from simulation (Si,Al,vacuum), neutral-
kaon cross-sections, forward scattering phase, mixing and 
CPV. 
 
 
 
 
 

Neutral kaon asymmetry
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D+→KSπ+ : [ -5.1 ± 0.6 (syst) ] x10-4 
Ds+→KSK+ : [ -8.5 ± 1.3 (syst) ] x10-4

[JHEP 07 (2014) 041]

A(K̄0) 

data driven approach using KS 
control sample

LHCb preliminary

http://dx.doi.org/10.1007/JHEP07(2014)041
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• Strategy: introduce an additional linear term in the decay 
time to approximate the first-order deviations from the model 
 
 
 
Capture, to first order, mis-modelling, including possible effects of additional 
KS-lifetime-dependent CP violation. 

• Fit slope term c on data 

• Effect on the time-integrated 
raw asymmetry in long long sample: 
 
 
 
Its RMS is assigned as systematic uncertainty.
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Figure 23: Raw asymmetries of D+ ! K0
S⇡

+ decays, after combining the data from all three
years and magnet polarities. Also shown are the predictions from the procedure introduced in
Ref. [10].
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Figure 24: (red) Raw asymmetries, (black) predictions with the linear perturbation and (grey)
predictions without this linear perturbation (same as shown in Figure 23).

where �A = c · ⌧ and c describes the (linear) departure from the predicted (“pred”) value475

and Anuisance corresponds to production and detection asymmetries contributions. The476

parameter c is fitted through a �2 fit to the raw asymmetries of the downstream sample.477

The resulting predictions of this perturbed model, the data and the “old” predictions are478

shown in Figure 24. The improvement in the �2 is small considering the introduction of479

an extra degree of freedom. The value for the slope obtained is (�9.6± 7.5)⇥ 10�4, about480

1.3 standard deviations away from zero. This value of c, along with its uncertainty are481

used to estimate the additional systematic uncertainty on the neutral-kaon correction for482

the signal sample. The average K0
S decay times and amount of material traversed for the483

40

1 2 3
Sτt/

2.3

2.4

2.5

2.6

2.7

2.8

2.9

3>y + s
D<

No weights

Weighted

2.5 3 3.5 4 4.5
η +D

0

0.05

0.1

0.15

0.2

0.25

C
an

di
da

te
 d

en
si

ty

Source

Target

Weighted

Figure 21: (left) The variation of the average D+ meson’s rapidity as a function of the lifetime
of the K0

S with (in red) and without (in black) the per-candidate weights. (right) Underlying
distribution of theD+ meson’s pseudorapidity. The “source” distribution is that of the candidates
with a lifetime between 1.6 and 1.8 K0

S lifetimes, while the target is the distribution for candidates
in the 1.8  ⌧/⌧S  2.0 lifetime bin. The “weighted” distribution is the result of assigning
per-candidate weights to the source dataset. The data shown were recorded in 2018 with the up
polarity.
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Figure 22: Raw asymmetries in D+ ! K0
S⇡

+ decays in the downstream reconstructed sample
(red) with and (black) without per-candidate weights. Data from the 2018 data set are shown.

overall agreement is good, with a p-value for the �2 of 39%, indicating that the results467

are statistically compatible with the predictions.468

6.2 Systematic uncertainties469

The predictions from the model are confirmed to describe the di↵erential behaviour of470

the neutral-kaon asymmetry well. As seen from the good agreement, shortcomings of the471

description, e.g. due to the negligence of higher-order interference e↵ects, should be small.472

As such, an estimate is made from the data by adding an additional linear term in the473

raw asymmetry as a function of K0
S lifetime:474

Araw(⌧) = Anuisance + Apred
det (⌧) + �A (44)

39

⟨δA⟩ = c ⟨τ⟩

LHCb preliminary

LHCb preliminary
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• The weighting procedure is verified by checking all the 
assumptions embedded in the cancellation of the nuisance 
asymmetries for ACP using huge-statistics particle-Gun 
samples. 

• Several consistency checks to verify that ACP(K-K+) does 
not depend on running conditions, kinematics, topology, PID 
and high-level trigger selection. 
 
 
 
 
 

Validation with MC and consistency checks
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AMC
CP = [−3.3 ± 2.5 (stat.) ] ⋅ 10−4

ρMC
ACP = 0.27
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