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‣What CPV is 

• different behaviour of particles and 
antiparticles 

• necessary ingredient to explain 
observed baryon asymmetry 

‣Why CPV is studied 

• CPV in SM not sufficient 

• expect contributions from 
Physics Beyond the Standard Model 

‣ How CPV is studied 

• SM: complex phase of CKM matrix 

• measure phases in interfering amplitudes 

• over-constrain CKM parameters and look 
for contradictions

Introduction to CP Violation (CPV)
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CP violation in B decays at LHCb | Florian Kruse
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CP violation

‣ Violation of CP symmetry:
• particles and antiparticles behave 

differently

• well established in Standard Model 
(CKM matrix → unitarity triangles)

‣Why CP violation?
• tiny matter-antimatter asymmetry 

resulted in matter-dominated universe

• CPV required to explain asymmetry

• CPV in SM not enough

‣Why measure CP violation?
• test SM by over-constraining CKM 

parameters

• find contributions of Physics Beyond 
the Standard Model (BSM)
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Measurements of mixing induced CPV

3

‣ need final state both B flavours can decay to 

‣ interference of direct decay and decay after mixing 
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Measurements of mixing induced CPV
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‣ need final state both B flavours can decay to 

‣ interference of direct decay and decay after mixing 

‣ partial decay widths are sensitive to 

‣ decay-time dependent CP asymmetry:

𝜙q = 𝜙mix – 2 𝜙dec

• CP observables S, C, A𝚫𝛤  mixing parameters Δm, Δ𝛤 
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Measurements of mixing induced CPV
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‣ need final state both B flavours can decay to 

‣ interference of direct decay and decay after mixing 

‣ partial decay widths are sensitive to 

‣ decay-time dependent CP asymmetry:

𝜙q = 𝜙mix – 2 𝜙dec

‣ golden modes provide direct match to CKM angle 

• B0→J/ψKS   (𝜙d = 2𝛽) 

• Bs→J/ψhh  (𝜙s = –2𝛽s)

CKMFitter 
EPS2015

probing precise predictions 
from other measurements!

• CP observables S, C, A𝚫𝛤  mixing parameters Δm, Δ𝛤 

http://ckmfitter.in2p3.fr/www/results/plots_eps15/num/ckmEval_results_eps15.pdf
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Asymmetry measurement
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‣ Experimentally determine 
number of B’s with 

• production flavour B 

• decay time of B

A
meas

(t) =
NB0

q
(t)�NB0

q
(t)

NB0
q
(t) +NB0

q
(t)

⇡ D ·ACP (t) +A
exp

a (t)
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Asymmetry measurement
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‣ Experimentally determine 
number of B’s with 

• production flavour B 

• decay time of B

A
meas

(t) =
NB0

q
(t)�NB0

q
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‣ production flavour inferred  
from tagging algorithms 

• exploit pair production (OS) 
hadronization of signal (SS) 

• wrong tag rate ⍵≈38% 

• tagging power ε(1-2⍵)2≈3% 
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Asymmetry measurement

8
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‣ Experimentally determine 
number of B’s with 

• production flavour B 

• decay time of B

‣ decay time from flight 
distance 

• highly boosted B’s  
are great for this! 

• flight distance O(cm)

‣ production flavour inferred  
from tagging algorithms 

• exploit pair production (OS) 
hadronization of signal (SS) 

• wrong tag rate ⍵≈38% 

• tagging power ε(1-2⍵)2≈3% 
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The LHCb experiment
‣ 20 m long single arm forward spectrometer covering 2 < η < 5

9

Vertex 
Detector 
reconstruct vertices 
decay time resolution: 45 fs 
IP resolution: 20 µm

Tracking system 
momentum resolution  
Δp/p = 0.4%–0.6%

Calorimeters 
energy measurement 
particle identification

Muon 
System 
εID(µ) = 97%  
@ 1-3% π→µ mis-ID

Dipole Magnet 
normal conducting 
bending power: 4 Tm 
regular polarity switches

RICH detectors 
K/π/p separation 
εID(K) = 95% @ 5% π→K mis-ID
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‣ 20 m long single arm forward spectrometer covering 2 < η < 5

Vertex 
Detector 
reconstruct vertices 
decay time resolution: 45 fs 
IP resolution: 20 µm

Tracking system 
momentum resolution  
Δp/p = 0.4%–0.6%

Calorimeters 
energy measurement 
particle identification

Muon 
System 
εID(µ) = 97%  
@ 1-3% π→µ mis-ID

Dipole Magnet 
normal conducting 
bending power: 4 Tm 
regular polarity switches

RICH detectors 
K/π/p separation 
εID(K) = 95% @ 5% π→K mis-ID

The LHCb experiment

10

‣ recorded: 
• 1fb-1 data @7TeV 
• 2fb-1 data @8TeV 

‣ huge cross sections (@7TeV): 

• σ(cc)̅ = 1419 ± 133 µb

• σ(bb̅) = 75.3 ± 14 µb

excellent conditions for 
flavour physics



Beauty CPV Measurements
B0→J/ψKS            Bs→J/ψKS 

Bs→J/ψhh        Bs→J/ψK*
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sin(2β) with B0→J/ψKS (3fb-1)

12

PRL 115, 031601 (2015)

‣ 114000 signal candidates 
(41560 tagged) 

‣ multi-dimensional unbinned maximum 
likelihood fit to extract CP observables 

‣ analysis accounts for 

• tagging / production asymmetries
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Figure 2: Time-dependent signal-yield asymmetry (N
B

0�N
B

0)/(N
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0). Here, N
B

0 (N
B

0) is
the number of B0! J/ K0

S decays with a B0 (B0) flavor tag. The data points are obtained with
the sPlot technique [32], assigning signal weights to the events based on a fit to the reconstructed
mass distribution. The solid curve is the projection of the signal PDF.

and �0.005 for C are applied to account for CP violation in K0–K0 mixing and for the
di↵erence in the nuclear cross-sections in material between K0 and K0 states [31]. The
correction is negligible for the result for S with C = 0.

Various sources of systematic uncertainties on the CP observables are examined,
in particular from mismodeling PDFs and from systematic uncertainties on the input
parameters. In each study, a large set of pseudoexperiments is simulated using a PDF
modified such as to include the systematic e↵ect of interest; the relevant distributions
from these pseudoexperiments are then fitted with the nominal PDF. Significant average
deviations of the fit results from the input values are used as estimates of systematic
uncertainties. The largest systematic uncertainty on S, ±0.018, accounts for possible tag
asymmetries in the background; for C the largest uncertainty, ±0.0034, results from the
systematic uncertainty on �m. Systematic uncertainties on the flavor tagging calibration
account for the second largest systematic uncertainty on S, ±0.006, and on C, ±0.0024.
The third largest uncertainty on S, ±0.005, arises from assuming �� = 0 and is evaluated
by generating pseudoexperiments with �� set to the value of its current uncertainty,
0.007 ps�1 [9], and then neglecting it in the fit. Remaining uncertainties due to neglecting
correlations between the reconstructed mass and decay time of the candidates, mismodeling
of the decay-time resolution and e�ciency, the systematic uncertainty of the production
asymmetry, and the uncertainty on the length scale of the vertex detector are small and are
given in the Appendix. Adding all contributions in quadrature results in total systematic
uncertainties of ±0.020 on S and ±0.005 on C.

Several consistency checks are performed by splitting the data set according to di↵er-
ent data-taking conditions, tagging algorithms, and di↵erent reconstruction and trigger
requirements. All results show good agreement with the nominal results.

In conclusion, a measurement of CP violation in the interference between the direct
decay and the decay after B0–B0 oscillation to a J/ K0

S final state is performed using
41 500 flavor-tagged B0 ! J/ K0

S decays reconstructed with the LHCb detector in a

6
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Figure 1: Distribution of (a) the reconstructed mass and (b) logarithmic distribution of the decay
time of tagged B0! J/ K0

S candidates. The solid black lines show the fit projections, while the
dashed (dotted) lines show the projections for the signal (background) components only.

The e↵ective tagging e�ciency is the product of the probability for reaching a
tagging decision, "tag = (36.54± 0.14)%, and the square of the e↵ective dilution,
D ⌘ 1� 2! = (28.75± 0.24)%, which corresponds to an e↵ective mistag probability of
! = (35.62± 0.12)%. Compared to the previous LHCb analysis [13] the e↵ective tagging
e�ciency "e↵ = "tagD2 increases from 2.38% to 3.02%, mainly due to the inclusion of the
SS⇡ tagger.

The values of the CP violation observables S and C are estimated by maximizing the
likelihood of a probability density function (PDF) describing the unbinned distributions of
the following observables: the reconstructed mass m, the decay time t and its uncertainty
estimate �

t

, the OS and SS⇡ flavor tag decisions dOS and dSS⇡, and the corresponding per-
candidate mistag probability estimates ⌘OS and ⌘SS⇡. The fit is performed simultaneously
in 24 independent subsamples, chosen according to data-taking conditions (7TeV, 8TeV),
K0

S type (downstream, long), flavor tagging algorithm (OS only, SS⇡ only, OS and SS⇡),
and two trigger requirements. In each category the data distribution is modeled using
a sum of two individual PDFs, one for the B0 signal and one for the combinatorial
background.

The reconstructed mass of the signal component is parametrized with a double-sided
Hypatia PDF [28] with tail parameters determined from simulation. An exponential
function is used to model the background component, with independent parameters for the
downstream and long K0

S subsamples. The fit to the mass distributions yields 41 560± 270
tagged B0! J/ K0

S signal decays. The mass distribution and projections of the PDFs
are shown in Fig. 1 (a).

The decay-time resolution is modeled by a sum of three Gaussian functions with
common mean, but di↵erent widths, which are convolved with the PDFs describing the
decay-time distributions. Two of the widths are given by the per-candidate resolution
estimate �

t

, each calibrated with independent linear calibration functions. The third
Gaussian describes the resolution for candidates associated to a wrong PV. The scale and
width parameters are obtained in a fit to the decay-time distribution of a control sample of

4
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and �0.005 for C are applied to account for CP violation in K0–K0 mixing and for the
di↵erence in the nuclear cross-sections in material between K0 and K0 states [31]. The
correction is negligible for the result for S with C = 0.

Various sources of systematic uncertainties on the CP observables are examined,
in particular from mismodeling PDFs and from systematic uncertainties on the input
parameters. In each study, a large set of pseudoexperiments is simulated using a PDF
modified such as to include the systematic e↵ect of interest; the relevant distributions
from these pseudoexperiments are then fitted with the nominal PDF. Significant average
deviations of the fit results from the input values are used as estimates of systematic
uncertainties. The largest systematic uncertainty on S, ±0.018, accounts for possible tag
asymmetries in the background; for C the largest uncertainty, ±0.0034, results from the
systematic uncertainty on �m. Systematic uncertainties on the flavor tagging calibration
account for the second largest systematic uncertainty on S, ±0.006, and on C, ±0.0024.
The third largest uncertainty on S, ±0.005, arises from assuming �� = 0 and is evaluated
by generating pseudoexperiments with �� set to the value of its current uncertainty,
0.007 ps�1 [9], and then neglecting it in the fit. Remaining uncertainties due to neglecting
correlations between the reconstructed mass and decay time of the candidates, mismodeling
of the decay-time resolution and e�ciency, the systematic uncertainty of the production
asymmetry, and the uncertainty on the length scale of the vertex detector are small and are
given in the Appendix. Adding all contributions in quadrature results in total systematic
uncertainties of ±0.020 on S and ±0.005 on C.

Several consistency checks are performed by splitting the data set according to di↵er-
ent data-taking conditions, tagging algorithms, and di↵erent reconstruction and trigger
requirements. All results show good agreement with the nominal results.

In conclusion, a measurement of CP violation in the interference between the direct
decay and the decay after B0–B0 oscillation to a J/ K0

S final state is performed using
41 500 flavor-tagged B0 ! J/ K0

S decays reconstructed with the LHCb detector in a
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sin(2β) with B0→J/ψKS (3fb-1)

13

‣ need handle on penguin pollution: sin 2�B0!J/ K0
S
=

Sp
1� C2

= sin(2� +��d + �NP
d )

PRL 115, 031601 (2015)

‣ 114000 signal candidates 
(41560 tagged) 

‣ multi-dimensional unbinned maximum 
likelihood fit to extract CP observables 

‣ analysis accounts for 

• tagging / production asymmetries
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Figure 1: Distribution of (a) the reconstructed mass and (b) logarithmic distribution of the decay
time of tagged B0! J/ K0

S candidates. The solid black lines show the fit projections, while the
dashed (dotted) lines show the projections for the signal (background) components only.

The e↵ective tagging e�ciency is the product of the probability for reaching a
tagging decision, "tag = (36.54± 0.14)%, and the square of the e↵ective dilution,
D ⌘ 1� 2! = (28.75± 0.24)%, which corresponds to an e↵ective mistag probability of
! = (35.62± 0.12)%. Compared to the previous LHCb analysis [13] the e↵ective tagging
e�ciency "e↵ = "tagD2 increases from 2.38% to 3.02%, mainly due to the inclusion of the
SS⇡ tagger.

The values of the CP violation observables S and C are estimated by maximizing the
likelihood of a probability density function (PDF) describing the unbinned distributions of
the following observables: the reconstructed mass m, the decay time t and its uncertainty
estimate �

t

, the OS and SS⇡ flavor tag decisions dOS and dSS⇡, and the corresponding per-
candidate mistag probability estimates ⌘OS and ⌘SS⇡. The fit is performed simultaneously
in 24 independent subsamples, chosen according to data-taking conditions (7TeV, 8TeV),
K0

S type (downstream, long), flavor tagging algorithm (OS only, SS⇡ only, OS and SS⇡),
and two trigger requirements. In each category the data distribution is modeled using
a sum of two individual PDFs, one for the B0 signal and one for the combinatorial
background.

The reconstructed mass of the signal component is parametrized with a double-sided
Hypatia PDF [28] with tail parameters determined from simulation. An exponential
function is used to model the background component, with independent parameters for the
downstream and long K0

S subsamples. The fit to the mass distributions yields 41 560± 270
tagged B0! J/ K0

S signal decays. The mass distribution and projections of the PDFs
are shown in Fig. 1 (a).

The decay-time resolution is modeled by a sum of three Gaussian functions with
common mean, but di↵erent widths, which are convolved with the PDFs describing the
decay-time distributions. Two of the widths are given by the per-candidate resolution
estimate �

t

, each calibrated with independent linear calibration functions. The third
Gaussian describes the resolution for candidates associated to a wrong PV. The scale and
width parameters are obtained in a fit to the decay-time distribution of a control sample of
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http://arxiv.org/abs/1503.07089
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Penguins from Bs→J/ψKS (3fb-1)

‣related via d ↔ s exchange 

‣CKM suppression of tree topology 

• extraction of penguin 
parameters possible 

• 900 Bs candidates 

‣use B0 component as proxy

14

JHEP 06 (2015) 131
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Φs measurements (3fb-1)
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PRL 114, 041801 (2015)
‣ Analysis of Bs → J/ψK+K- 

• time dependent angular analysis 

• disentangle CP even and CP odd 

• 95690 signal candidates  
 

• no evidence for  
polarisation-dependent CPV

system. The values obtained are �
s

= �0.058±0.049±0.006 rad,

decays gives �
s

= �0.010± 0.039 rad. All measurements are
• Combined result with Bs → J/ψπ+π-

‣ Analysis of Bs → Ds+Ds-| |
�
s

= 0.02 ± 0.17 (stat) ± 0.02 (syst) rad,
result is consistent with the Standard Model expectation.PRL 113, 211801 (2014)

(World Average) HFAG preliminary

http://www.arxiv.org/abs/1411.3104
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Figure 3: Representation of helicity angles as discussed in the text.

sum of yields over the 20 bins, giving144

NB0 = 208656 ± 462+78

�76

, (3)

NB0
s

= 1808 ± 51+38

�33

, (4)

where the first uncertainties are statistical and obtained from the quadratic sum of the145

uncertainties obtained in each of the individual fit performed in the twenty bins. The146

second uncertainties correspond to systematic uncertainties. The correlations between the147

B0 and B0

s yields in each fitting category are found to be smaller than 4%. Neglecting148

these correlations, the ratio149

NB0
s

NB0

= (8.66 ± 0.24+0.18
�0.16) ⇥ 10�3 , (5)

is computed for the entire data sample, where the first uncertainty is statistical and the150

second corresponds to systematic uncertainties. Fig. 2 shows the sum of the fit projections151

for each bin overlaid on the J/ K⇡ mass spectrum for the entire data sample.152

6 Angular analysis153

6.1 Angular formalism154

This analysis uses the decay angles defined in the helicity basis. The helicity angles are155

denoted by (✓K , ✓µ,'h), as shown in Fig. 3. The polar angle ✓K (✓µ) is the angle between156

the kaon (µ+) momentum and the direction opposite to the B0

s momentum in the K⇡157

(µ+µ�) centre-of-mass system. The azimuthal angle between the K⇡ and µ+µ� decay158

planes is 'h. This angle is defined by a rotation from the kaon side of the K⇡ plane to159

the µ+ side of the µ+µ� plane. The rotation is positive in the µ+µ� direction in the B0

s160

rest frame. The definitions are the same whether a B0

s or a B0

s decays. They are also the161

same for the B0 ! J/ K⇤0 decays. The angular distribution of B0

s ! J/ K⇤0 decays is162

given by [26]:163

PDF(✓K , ✓µ,'h) =
X

↵µ=±1

�����

|�|<JX

�,J

r
2J + 1

4⇡
HJ

�e�i�'hd1

�,↵µ
(✓µ)d

1

��,0(✓K)

�����

2

(6)
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8.1 Angular parameters317

The results obtained from the angular fit are given in Table 4 and Table 5 for the P–318

wave and S–wave parameters, respectively. The angular distribution of the signal and the319

projection of the fitted PDF are shown in Fig. 5. In addition, the statistical only correlation320

matrix as obtained from the fit to data is given in Table 6. The polarisation dependent321

CP asymmetries are compatible with zero, as expected in the Standard Model. The322

polarisation fractions are in good agreement with the previous measurements performed323

on the same decay mode by the LHCb collaboration using 0.37 fb�1 [14].324

Various sources of systematic uncertainties on the parameters of the angular fit are325

studied, as summarized in Table 4 and Table 5 for the P–wave and S–wave parameters,326

respectively. Two classes of systematic uncertainties may be defined: one from the angular327

fit model, and another from the mass fit model. Indeed, since the angular fit is performed328

on the data weighted using the signal sWeights calculated from the fit to the J/ K�⇡+

329

invariant mass, biases on the mass fit results may be propagated to the sWeights and330

Figure 5: Fitted decay rate probability density function (PDF) on top of the decay angles
distributions. Black solid line: Total PDF. Blue dashed line: P–wave even component. Blue
dotted line: P–wave odd plus even-odd interference component. Green dotted line: S–wave
component. Red dotted dashed line: S � P interference component.
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into the B0

s region. The estimate of the leakage is recalculated for extreme values of those122

parameters, and the maximum spread is conservatively added as a systematic uncertainty.123

In the fit to data, the mean and resolution parameters of both the B0

s and B0 Hypatia124

functions are let free to vary. All the remaining parameters, namely the corresponding �,125

a
1

, n
1

, a
2

and n
2

, are fixed to values determined from fits to B0

s and B0 simulated events,126

respectively. All the ⇤0

b ! J/ p⇡� shape parameters are fixed to values obtained from127

fits to fully simulated ⇤0

b ! J/ p⇡� events, while the constant of the exponential is free128

to vary.129

The expected number of ⇤0

b ! J/ p⇡� events is small compared to expected yields130

of the other species determined in the fit to data. Also, the expected distribution131

of ⇤0

b ! J/ p⇡� events is broad across the J/ K⇡ invariant mass. Therefore, the132

⇤0

b ! J/ p⇡� yield is included in the fit as a Gaussian constraint using the expected133

number of events and the corresponding uncertainties, as shown in Table 1.134

From studies of fully simulated MC samples, it was found that the resolution of B0

s and135

B0 mass peak depend on both the mK⇡ and cos(✓µ) dimensions, where mK⇡ is the invariant136

mass of the K⇡ system, and ✓µ is one of the helicity angles used in the angular analysis as137

defined in Sect. 6. Therefore, in order to compute the sWeights [25], the fit to the J/ K⇡138

invariant mass spectrum is performed separately in twenty di↵erent bins, corresponding139

to four mK⇡ bins of 35 MeV/c2 width each, times five uniform bins in the allowed cos(✓µ)140

range. From the likelihood information, the B0

s sWeights are also calculated, in order to141

be used in the angular analysis. No correlation among the parameters between the fitting142

categories are observed. Therefore, the overall B0

s and B0 yields are obtained from the143
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and Eq. 58 are494

��J/ �
s,0 = 0.000+0.009

�0.011 (stat)+0.004
�0.009 (syst) ,

��J/ �
s,k = 0.001+0.010

�0.014 (stat)+0.007
�0.008 (syst) ,

��J/ �
s,? = 0.003+0.010

�0.014 (stat)+0.007
�0.008 (syst) .

These results are dominated by the input from the CP asymmetries in B0 ! J/ ⇢0, and495

show that the penguin pollution to �s is small and under control.496

10 Conclusions497

Using the full Run I data, the branching ratio, the polarisation fractions and the direct
CP violations in B0

s ! J/ K⇤0 decays have been measured. The results are:

B(B0

s ! J/ K⇤0) =
⇣
4.13 ± 0.16(stat) ± 0.25(syst) ± 0.24(fd/fs)

⌘
⇥ 10�5

498

f
0

= 0.497 ± 0.025 (stat) ± 0.025 (syst)
fk = 0.179 ± 0.027 (stat) ± 0.013 (syst)

ACP
0

(B0

s ! J/ K⇤0) = �0.048 ± 0.057 (stat) ± 0.020 (syst)
ACP

k (B0

s ! J/ K⇤0) = 0.171 ± 0.152 (stat) ± 0.028 (syst)

ACP
? (B0

s ! J/ K⇤0) = �0.049 ± 0.096 (stat) ± 0.025 (syst)

Assuming SU(3) flavour symmetry, neglecting contributions from additional decay499

topologies and combining with the results from decay B0 ! J/ ⇢0 [13], the absolute shift500

on �s due to penguin pollution is found to be smaller than 19 mrad.501
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where the values of NM
B0!J/ K±⇡⌥ and NM

B0
s!J/ K⌥⇡± are given by Eq. 3 and Eq. 4, respec-297

tively, and:298

!B0!J/ K⇤0

!B0
s!J/ K⇤0

= 0.963 ± 0.036 (stat) ± 0.031 (syst) , (32)

resulting in a value of:299

B(B0

s ! J/ K⇤0)

B(B0 ! J/ K⇤0)
=

⇣
2.99 ± 0.14 (stat) ± 0.12 (syst) ± 0.17 (fd/fs)

⌘
% . (33)

where the third uncertainty corresponds to a systematic uncertainty due to the ratio of300

the weakly decaying b-meson fractions fd
fs

= 3.86 ± 0.19 [6].301

7.5 Computation of B(B0
s ! J/ K⇤0)302

By multiplying the fraction Eq. 33 by the branching fraction of B0 ! J/ K⇤0 measured303

at Belle2, (1.29 ± 0.05 (stat) ± 0.13 (syst)) ⇥ 10�3 [34], the value:304

B(B0

s ! J/ K⇤0)d =
⇣
3.85±0.18 (stat) ± 0.15 (syst) ± 0.22 (fd/fs) (34)

±0.42 (B(B0 ! J/ K⇤0))
⌘

⇥ 10�5 ,

is obtained, where the fourth uncertainty corresponds to a systematic uncertainty due to305

B(B0 ! J/ K⇤0). A second estimate is found via the normalisation to B(B0

s ! J/ �) [19],306

updated with fd
fs

= 3.86 ± 0.19 [6] to give B(B0

s ! J/ �) = (1.038 ± 0.013 ± 0.063 ±307

0.060) ⇥ 10�3, resulting in a value of:308

B(B0

s ! J/ K⇤0)� =
⇣
4.25 ± 0.20 (stat) ± 0.13 (syst) ± 0.36 (B(B0

s ! J/ �))
⌘

⇥ 10�5 ,

(35)
where the third uncertainty corresponds to a systematic uncertainty due to B(B0

s ! J/ �).309

Both values are compatible within uncorrelated systematic uncertainties and combined310

taking account of correlations to give:311

B(B0

s ! J/ K⇤0) =
⇣
4.13 ± 0.16 (stat) ± 0.25 (syst) ± 0.24 (fd/fs)

⌘
⇥ 10�5 , (36)

which is in good agreement with the previous LHCb measurement [14].312

8 Results and systematic uncertainties313

Section 8.1 presents the results of the angular fit as well as the procedure used to estimate314

the systematic uncertainties, while in Sect. 8.2 the results of the branching fraction315

measurements and the corresponding estimated systematic uncertainties are discussed.316

2Belle’s result was chosen since it is the only B(B0 ! J/ K⇤0) measurement that substracts S–wave
contributions.
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Figure 3: Distributions of�m split into (left)D⇤+ and (right)D⇤�, including the fit function. The
solid black line corresponds to the total fit, the dashed grey line corresponds to the background,
and the blue dash-dotted line represents the signal contribution. The di↵erent panels are for
(top) LL, and (bottom) LLtrig.

±1.5MeV around the nominal value (the signal region is smaller than in case of the control143

channel fit due to the very di↵erent signal to background ratio). With this method we144

derive a systematic uncertainty of 0.019.145

The systematic e↵ects that arise due to the slow pion charge asymmetry, as well as the146

production asymmetry, are determined using the control channel. In this decay channel,147

there is an additional detection asymmetry from the charged kaon. In Ref. [24], the148

charged kaon detection asymmetry has been measured to be in the range �0.8% to �1.2%149

with 0.2% precision including trigger e↵ects (note the di↵erent sign definition for the150

asymmetry in that reference). Thus we apply a correction of (+1.0±0.5)% to the observed151

asymmetry in the control channel resulting in a combined slow pion detection asymmetry152

and D⇤ production asymmetry of 0.009. As a conservative estimate of the uncertainty,153

6

Time integrated CPV in D0→KSKS

‣ CPV could be as big as O(1%) 

‣ vertexing two long lived neutrals 

‣ tagged by charged πs from prompt D* 

‣ systematics from D0→K-π+ 

• charged πs± detection asymmetry 

• background model

20

51%, 95%, 47%, and 37%, and a background e�ciency of 0.33%, 50%, 0.40%, and 0.73%98

for LL, LLtrig, LD, and DD, respectively. The large di↵erence between the LLtrig case99

and the others is due to the fact that the dedicated trigger output already gives a quite100

pure signal sample. The control channel D0 ! K�⇡+ is selected by cuts on kinematic101

variables, vertex quality variables, geometric variables, and decay time variables. Due to102

the large number of control channel candidates, which is much larger than needed for this103

purpose, only every hundredth candidate is accepted at random.104

4 Asymmetry measurement105

The CP asymmetry is obtained by determining the asymmetry106

A
CP

=
N+ �N�

N+ +N�

for each category, where N+ (N�) is the yield determined from a fit to the data for a107

positive (negative) charge of the slow pion. To obtain the final result, the asymmetries of108

the four signal categories are combined by taking a weighted mean.109

The yields are determined from an extended unbinned likelihood fit to the �m dis-110

tribution, after applying a cut on the invariant mass of the K0
SK

0
S system of ±20MeV111

around the nominal value of the D0 mass [17]. The e�ciency of this cut is 98% in all112

cases, except for DD, where it is 94%. The fit range is from the charged pion mass m
⇡

+113

to 155MeV, except for the control channel, where we use 153MeV as the upper limit.114

The nominal fit is an extended likelihood fit. The fit function contains a signal part,115

which is a triple Gaussian function and a background function parametrised by116

fbg / (�m�m
⇡

+)pe�(�m�m⇡+ )↵ ,

where p and ↵ are free to vary in the fit. The mean and the width of the narrowest117

Gaussian function are free to vary, while the widths and the normalisation of the other two118

Gaussian functions are bound to have the same size relative to the narrowest contribution119

as found in the simulation. The mean of the third Gaussian function is also set to the120

value found in the simulation. The parameters of the background function, as well as the121

means and the widths of the triple Gaussian function are shared between the positive and122

the negative slow pion samples. The �m distribution including the fit function for the123

control channel is shown in Fig. 2 summed over the two flavours. The �m distributions124

of the signal split into the di↵erent flavours are shown in Figs. 3 and 4. Table 2 shows125

the result of the nominal fit separated into the di↵erent flavour states, and the resulting126

asymmetries.127

To get a handle on the di↵erent influence of the trigger on the two flavour states, an128

additional simultaneous fit to the trigger categories, i.e., the di↵erent combinations of129

TIS and TOS in the di↵erent trigger stages, is done for the control channel. To help the130

convergence of the fit in this case a di↵erent fit strategy is used here. The fit is applied131

only to data outside the signal region, defined as ±3.75MeV around the nominal mass132
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which then also covers any e↵ect of a possible di↵erence in the fraction of charm from154

secondary decays between the signal and the control channel, we use the absolute value155

of the above number as systematic uncertainty. A summary of the relevant systematic156

uncertainties is given in Table 3.157

6 Result158

A time-integrated CP asymmetry in the decay D0! K0
SK

0
S is determined to be159

A
CP

= �0.029 ± 0.052 ± 0.022 ,

7

No evidence of CPV

KS

KS

LHCB-PAPER-2015-030 in preparation 
to be submitted to JHEP

LHCb 
Preliminary

LHCb 
Preliminary

A
CP

(K�K+) = (�0.06± 0.15 (stat)± 0.10 (syst))%
�A

CP

= A
CP

(K�K+)�A
CP

(⇡�⇡+) = (+0.14± 0.16 (stat)± 0.08 (syst))% .
JHEP 07 (2014) 041

‣ not as sensitive as other  
charm CPV searches yet:
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‣ 190K signal candidates 

‣ final state reached by various resonances
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‣ description via „isobar models“ 
 
useful input for other analyses

A =
P
R aRe

i�RAR

LHCB-PAPER-2015-026  in preparation 
to be submitted to PRD
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Figure 3: Dalitz plots showing the D0 ! K0

SK
�⇡+ (left) and D0 ! K0

SK
+⇡� (right) data in the

two-dimensional signal region.

lie inside the kinematically allowed region of the Dalitz plot. Finally a veto is applied153

to candidates extremely near the boundary of the kinematically allowed region; this is154

detailed in Sect. 4.3.155

4 Analysis formalism156

The dynamics of a decay D0 ! ABC, where A, B, C and D0 are all pseudoscalar mesons, is157

completely described by two variables. The conventional choice is to use a pair of squared158

invariant masses, with a two dimensional distribution in these variables referred to as a159

Dalitz plot [30]. This paper will use m

2

K

0
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⌘ m

2(K0

S⇡) and m

2

K⇡ ⌘ m

2(K⇡) as this choice160

highlights the dominant resonant structure of the D0 ! K0

SK
±⇡⌥ decay modes. Amplitude161

models are fitted using the isobar formalism and an unbinned maximum-likelihood method,162

using the GooFit [31] package to exploit massively-parallel Graphics Processing Unit163

(GPU) architectures. Where �

2

/bin values are quoted these are simply to indicate the164

quality of fit. Statistical uncertainties on derived quantities, such as the resonance fit165

fractions, are calculated using a pseudoexperiment method based on the fit covariance166

matrix. The fit software and uncertainty calculation are validated using simulated data.167

4.1 Isobar models for D0! K0

S
K±⇡⌥

168

The signal isobar models decompose the decay chain into D0 ! (R! (AB)
L

)C contribu-169

tions, where R is a resonance with spin L equal to 0, 1 or 2. The corresponding 4-momenta170

are denoted p

D

0 , p

A

, p

B

and p

C

. The reconstructed invariant mass of the resonance is171

denoted m

AB

, and the nominal mass m

R

. The matrix element for the D0 ! K0

SK
±⇡⌥

172

6

K*(892)±

K*(892)0
LHCb 
Preliminary

D0→KSK-π+  sample 
+ charge conjugated
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‣ description via „isobar models“ 
 
useful input for other analyses  

‣ for CPV: refit best model using  

‣      test of  
‣ p-value of 0.45 → not rejected 

A =
P
R aRe

i�RAR

A =
P
R(aR ± �aR)e i(�R±��R)AR
�aR = 0,��R = 0

signs from  
πs tag

No evidence of CPV

Model dependent 
CPV search!

‣ 190K signal candidates 

‣ final state reached by various resonances
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are denoted p
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Conclusions

‣ colorful program of beauty & charm CPV 
analyses at LHCb 
(I’ve shown you only a tiny selection of its freshest) 

‣ if present new physics in CPV searches 
must be small 

‣ penguin contributions are under control 

‣ no evidence of charm CPV yet 

‣ analyses are mostly statistically limited 

• stay tuned for Run II - exciting results to 
come from LHCb!
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0). Here, N
B

0 (N
B

0) is
the number of B0! J/ K0

S decays with a B0 (B0) flavor tag. The data points are obtained with
the sPlot technique [32], assigning signal weights to the events based on a fit to the reconstructed
mass distribution. The solid curve is the projection of the signal PDF.

and �0.005 for C are applied to account for CP violation in K0–K0 mixing and for the
di↵erence in the nuclear cross-sections in material between K0 and K0 states [31]. The
correction is negligible for the result for S with C = 0.

Various sources of systematic uncertainties on the CP observables are examined,
in particular from mismodeling PDFs and from systematic uncertainties on the input
parameters. In each study, a large set of pseudoexperiments is simulated using a PDF
modified such as to include the systematic e↵ect of interest; the relevant distributions
from these pseudoexperiments are then fitted with the nominal PDF. Significant average
deviations of the fit results from the input values are used as estimates of systematic
uncertainties. The largest systematic uncertainty on S, ±0.018, accounts for possible tag
asymmetries in the background; for C the largest uncertainty, ±0.0034, results from the
systematic uncertainty on �m. Systematic uncertainties on the flavor tagging calibration
account for the second largest systematic uncertainty on S, ±0.006, and on C, ±0.0024.
The third largest uncertainty on S, ±0.005, arises from assuming �� = 0 and is evaluated
by generating pseudoexperiments with �� set to the value of its current uncertainty,
0.007 ps�1 [9], and then neglecting it in the fit. Remaining uncertainties due to neglecting
correlations between the reconstructed mass and decay time of the candidates, mismodeling
of the decay-time resolution and e�ciency, the systematic uncertainty of the production
asymmetry, and the uncertainty on the length scale of the vertex detector are small and are
given in the Appendix. Adding all contributions in quadrature results in total systematic
uncertainties of ±0.020 on S and ±0.005 on C.

Several consistency checks are performed by splitting the data set according to di↵er-
ent data-taking conditions, tagging algorithms, and di↵erent reconstruction and trigger
requirements. All results show good agreement with the nominal results.

In conclusion, a measurement of CP violation in the interference between the direct
decay and the decay after B0–B0 oscillation to a J/ K0

S final state is performed using
41 500 flavor-tagged B0 ! J/ K0

S decays reconstructed with the LHCb detector in a
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Figure 3: Representation of helicity angles as discussed in the text.

sum of yields over the 20 bins, giving144

NB0 = 208656 ± 462+78

�76

, (3)

NB0
s

= 1808 ± 51+38

�33

, (4)

where the first uncertainties are statistical and obtained from the quadratic sum of the145

uncertainties obtained in each of the individual fit performed in the twenty bins. The146

second uncertainties correspond to systematic uncertainties. The correlations between the147

B0 and B0

s yields in each fitting category are found to be smaller than 4%. Neglecting148

these correlations, the ratio149

NB0
s

NB0

= (8.66 ± 0.24+0.18
�0.16) ⇥ 10�3 , (5)

is computed for the entire data sample, where the first uncertainty is statistical and the150

second corresponds to systematic uncertainties. Fig. 2 shows the sum of the fit projections151

for each bin overlaid on the J/ K⇡ mass spectrum for the entire data sample.152

6 Angular analysis153

6.1 Angular formalism154

This analysis uses the decay angles defined in the helicity basis. The helicity angles are155

denoted by (✓K , ✓µ,'h), as shown in Fig. 3. The polar angle ✓K (✓µ) is the angle between156

the kaon (µ+) momentum and the direction opposite to the B0

s momentum in the K⇡157

(µ+µ�) centre-of-mass system. The azimuthal angle between the K⇡ and µ+µ� decay158

planes is 'h. This angle is defined by a rotation from the kaon side of the K⇡ plane to159

the µ+ side of the µ+µ� plane. The rotation is positive in the µ+µ� direction in the B0

s160

rest frame. The definitions are the same whether a B0

s or a B0

s decays. They are also the161

same for the B0 ! J/ K⇤0 decays. The angular distribution of B0

s ! J/ K⇤0 decays is162

given by [26]:163

PDF(✓K , ✓µ,'h) =
X

↵µ=±1

�����

|�|<JX

�,J

r
2J + 1

4⇡
HJ

�e�i�'hd1

�,↵µ
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��,0(✓K)

�����

2

(6)
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Candidate classification

25

Direct CP violation in D0! K0
SK

0
S

Candidate classification

K0
S candidates are separated according to where in the detector they

decay, within the VELO (Long) or downstream from the VELO
(Downstream), due to di↵erent detection e�ciencies and detector
resolutions.

M. Alexander (University of Glasgow) CP violation in D0! hh EPS 2015/07/24 17 / 28

[10] LHCb-PAPER-2015-030 (in preparation)
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Ɣ Combination

‣ mixture of 3fb-1 and 1fb-1 measurements
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Table 3: Confidence intervals and central values for the robust combination.

quantity robust combination

� (�) 72.9

68% CL (�) [63.0, 82.1]

95% CL (�) [52.0, 90.5]

r

DK
B 0.0914

68% CL [0.0826, 0.0997]

95% CL [0.0728, 0.1078]

�
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68% CL (�) [115.3, 136.7]

95% CL (�) [101.6, 145.2]
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Figure 2: 1 � CL curves for the robust combination.
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4 Results

4.1 Robust combination

The robust observables are defined in Table 2. Table 3 summarizes the resulting central
values and confidence intervals, which are illustrated in Figs. 2 and 3.

Table 2: Observables used in the robust combination.

LHCb Analysis Observables

B

+ ! DK

+, D ! hh, GLW/ADS A

DK,KK
CP , A

DK,⇡⇡
CP , R

KK
K/⇡, R

⇡⇡
K/⇡, R

K⇡
K/⇡, A

DK,K⇡
fav

,

R

DK,K⇡
+

, R

DK,K⇡
�

B

+ ! DK

+, D ! K⇡⇡⇡, ADS R

DK,K3⇡
+

, R

DK,K3⇡
� , A

DK,K3⇡
fav

B

+ ! DK

+, D ! K

0

Shh, model-
independent GGSZ

x�, x

+

, y�, y

+

B

+ ! DK

+, D ! K

0

SK⇡, GLS R

KSK⇡
DK, fav/sup

, A

DK, KSK⇡
fav

, A

DK, KSK⇡
sup

B

0 ! DK

⇤0 GLW/ADS A

DK⇤0, KK
CP , A

DK⇤0, K⇡
fav

, R

DK⇤0, KK
CP , A

DK⇤0, ⇡⇡
CP ,

R

DK⇤0, ⇡⇡
CP , R

DK⇤0, K⇡
+

, R

DK⇤0, K⇡
�

B

0

s ! D

⌥
s K

±
Cf , A

��

f , A

��

¯f
, Sf , S

¯f

Auxiliary Input Observables

CLEO-c 

K3⇡
D , �

K3⇡
D

Belle, CLEO RWS(D ! K⇡⇡⇡)

CLEO R

KSK⇡
D , 

KSK⇡
D , �

KSK⇡
D

LHCb toy 

DK⇤0

B

LHCb �s

HFAG xD, yD, �

K⇡
D , R

K⇡
D , A

dir

CP (KK), A

dir

CP (⇡⇡)

4.2 Full combination

In the full combination, the observables of the robust combination, listed in Table 2,
are combined with those listed in Table 4. Table 5 summarizes the results of the full
combination, which are illustrated in Figs. 4 and 5. To compare the results on � from the
robust and full combinations, Fig. 6 shows both in the same plot. The full combination
exhibits a sharp maximum at � = 78.9�, and a secondary maximum at a value similar
to the maximum of the robust combination. This sharp maximum corresponds to an
unexpectedly large value of r

D⇡
B , r

D⇡
B = 0.027, which is regarded as a fluctuation, but

nevertheless enhances the impact of the B

+ ! D⇡

+ system. The 95% confidence level
intervals agree between both combinations.

10

LHCb-CONF-2014-004

https://cds.cern.ch/search?ln=en&as=1&m1=p&f1=reportnumber&p1=LHCb-CONF-2014-004
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‣ systematic uncertainties

Appendices325

Supplemental material for PRL326

Summary of systematic uncertainties327

The systematic uncertainties are summarised in Table 1. The overall systematic uncertainty328

is calculated by summing the single uncertainties in quadrature. The relative systematic329

uncertainties compared to the central values of S and C are given in brackets. Here, we330

set S = 0.729 and C = �0.033 as reference.

Table 1: Systematic uncertainties �
S

and �
C

on S and C. Entries marked with a dash represent
studies where no significant e↵ect is observed.

Origin �
S

�
C

Background tagging asymmetry 0.0179 (2.5%) 0.0015 (4.5%)
Tagging calibration 0.0062 (0.9%) 0.0024 (7.2%)
�� 0.0047 (0.6%) —
Fraction of wrong PV component 0.0021 (0.3%) 0.0011 (3.3%)
z-scale 0.0012 (0.2%) 0.0023 (7.0%)
�m — 0.0034 (10.3%)
Upper decay time acceptance — 0.0012 (3.6%)
Correlation between mass and decay time — —
Decay time resolution calibration — —
Decay time resolution o↵set — —
Low decay time acceptance — —
Production asymmetry — —

Sum 0.020 (2.7%) 0.005 (15.2%)

331

Overview of tagging calibration parameters332

The calibration functions of the mistag probability !(⌘) and the mistag probability333

di↵erence �!(⌘) = !B

0 � !B

0
are chosen as334

!(⌘) = p1(⌘ � h⌘i) + p0, �!(⌘) = �p1(⌘ � h⌘i) +�p0 . (A1)

11

PRL 115, 031601 (2015)

http://arxiv.org/abs/1503.07089
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Cb!cc̄s, = �0.004± 0.015(0.012 )sin(2�)b!cc̄s, = 0.691± 0.017(0.016 )
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Table 4: Summary of systematic uncertainties.

Long Downstream
Source A�� Cdir Smix R⇥ 105 R⇥ 105

Mass modelling 0.045 0.009 0.009 15.5 17.2
Decay-time resolution 0.038 0.066 0.070 0.6 0.3
Decay-time acceptance 0.022 0.004 0.004 0.6 0.5
Tagging calibration 0.002 0.021 0.023 0.1 0.2
Mass resolution 0.010 0.005 0.006 12.6 8.0
Mass–time correlation 0.003 0.037 0.036 0.2 0.1

Total 0.064 0.079 0.083 20.0 19.0

time resolution of the long K0
S sample. This forms the dominant systematic uncertainty

to the B0
s

! J/ K0
S CP observables.

Systematic e↵ects due to the modelling of the decay time acceptance mainly a↵ect
A��, and are evaluated by varying the empirical model for E(t).

The systematic uncertainty associated with the tagging calibration is obtained by
comparing the nominal calibration with the largest and smallest e↵ective tagging e�ciency
that can be obtained through changes of the calibration parameters within their respective
uncertainties.

The mass resolution is assumed to be identical for the B0 and B0
s

signal modes, but
it could depend on the mass of the reconstructed B candidate. This e↵ect is studied
by multiplying the width of the B0

s

mass PDF by di↵erent scale factors, obtained by
comparing B0 and B0

s

signal shapes in simulation. These variations mainly a↵ect the ratio
of event yields.

Finally, a correlation between the reconstructed B mass and decay time resolution is
observed in simulated data. The impact of neglecting this correlation in the fit to data is
also evaluated with the simulated experiments.

The total systematic uncertainty and its sources are summarised in Table 4.

7 Branching ratio measurement

The measured ratio of branching fractions is calculated from the event yields using Eq. (7).
The selection e�ciencies and their ratio fsel are evaluated using simulated data. As
the simulated data are generated with di↵erent values for the lifetime ⌧

B

0
s
, decay width

di↵erence ��
s

and acceptance parameters compared to those measured in the collision
data, correction factors are applied. This leads to a ratio of total selection e�ciencies of
fsel = 0.972± 0.029 for the long K0

S sample and fsel = 0.987± 0.040 for the downstream
K0

S samples.

12

‣ systematic uncertainties
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‣ tagged time-dependent analysis, but… 

‣ K+K- reached dominantly via ɸ resonance (P-Wave) 

‣ P2VV decay CP even (L=0,2) and CP odd  (L=1) final state 

‣ takes S-Wave contribution into account 

‣ analysis is performed in bins of m(K+K-) 

‣ angular analysis to statistically disentangle 

‣ also studies polarization dependence of CPV 

‣ ≈ 96000 signal candidates

Φs with Bs→J/ψK+K- (3fb-1)

30
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Figure 1: (a) Background-subtracted invariant mass distributions of the K+K� system in
the selected B0

s

! J/ K+K� candidates (black points). The vertical red lines denote the
boundaries of the six bins used in the maximum likelihood fit. (b) Distribution of m(J/ K+K�)
for the data sample (black points) and projection of the maximum likelihood fit (blue line). The
B0

s

signal component is shown by the red dashed line and the combinatorial background by
the green long-dashed line. Background from misidentified B0 and ⇤0

b

decays is subtracted, as
described in the text.

show contributions from approximately 1700 B0 ! J/ K+⇡� (4800 ⇤0
b

! J/ pK�)
decays where the pion (proton) is misidentified as a kaon. These background events have
complicated correlations between the angular variables and m(J/ K+K�). In order to
avoid the need to describe explicitly such correlations in the analysis, the contributions
from these backgrounds are statistically subtracted by adding to the data simulated events
of these decays with negative weight. Prior to injection, the simulated events are weighted
such that the distributions of the relevant variables used in the fit, and their correlations,
match those of data.

The principal physics parameters of interest are �
s

, ��
s

, �
s

, |�|, the B0
s

mass
di↵erence, �m

s

, and the polarisation amplitudes A
k

= |A
k

|e�i�k , where the indices
k 2 {0, k,?, S} refer to the di↵erent polarisation states of the K+K� system. The
sum |Ak|2 + |A0|2 + |A?|2 equals unity and by convention �0 is zero. The parameter
� describes CP violation in the interference between mixing and decay and is defined
by ⌘

k

(q/p)(Ā
k

/A
k

), where it is assumed to be the same for all polarisation states. The
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|BLi and q = hB0
s

|BLi describe the relation between mass
and flavour eigenstates and ⌘
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is the CP eigenvalue of the polarisation state k. The
CP -violating phase is defined by �
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⌘ � arg �. In the absence of CP violation in de-
cay, |�| = 1. CP violation in B0

s

-meson mixing is negligible, following measurements in
Ref. [16]. Measurements of the above parameters are obtained from a weighted maxi-
mum likelihood fit [17] to the decay-time and helicity angle distributions of the data as
described in Ref. [6].
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decay-time distribution is distorted by the trigger selection requirements and
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Figure 1: (a) Background-subtracted invariant mass distributions of the K+K� system in
the selected B0

s

! J/ K+K� candidates (black points). The vertical red lines denote the
boundaries of the six bins used in the maximum likelihood fit. (b) Distribution of m(J/ K+K�)
for the data sample (black points) and projection of the maximum likelihood fit (blue line). The
B0

s

signal component is shown by the red dashed line and the combinatorial background by
the green long-dashed line. Background from misidentified B0 and ⇤0
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decays is subtracted, as
described in the text.

show contributions from approximately 1700 B0 ! J/ K+⇡� (4800 ⇤0
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! J/ pK�)
decays where the pion (proton) is misidentified as a kaon. These background events have
complicated correlations between the angular variables and m(J/ K+K�). In order to
avoid the need to describe explicitly such correlations in the analysis, the contributions
from these backgrounds are statistically subtracted by adding to the data simulated events
of these decays with negative weight. Prior to injection, the simulated events are weighted
such that the distributions of the relevant variables used in the fit, and their correlations,
match those of data.
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‣ Feynman diagrams 

‣ Definition of direct CP asymmetry:

31
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Figure 1: Decay topologies contributing to the B0

s ! J/ K⇤0 channel: (left) tree diagram and
(right) penguin diagram.

located upstream of a dipole magnet with a bending power of about 4 Tm, and three39

stations of silicon-strip detectors and straw drift tubes placed downstream. The combined40

tracking system has a momentum resolution �p/p that varies from 0.4% at 5 GeV/c41

to 0.6% at 100 GeV/c, and an impact parameter (IP) resolution of 20 µm for tracks42

with high transverse momentum (pT ) with respect to the beam direction. Charged43

hadrons are identified using two ring-imaging Cherenkov detectors. Photon, electron and44

hadron candidates are identified by a calorimeter system consisting of scintillating-pad and45

preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter. Muons46

are identified by a system composed of alternating layers of iron and multiwire proportional47

chambers. The trigger [16] consists of a hardware stage, based on information from the48

calorimeter and muon systems, followed by a software stage, in which all charged particles49

with transverse momentum greater than 500 (300) MeV/c are reconstructed for 2011 (2012)50

data. Further selection requirements are applied o✏ine in order to increase the signal51

purity.52

3 Event selection53

The event selection consists of two steps: a set of requirements used to eliminate as54

much background as possible and to reduce the sample sizes to a manageable level, and55

a Boosted Decision Tree with Gradient Boosting (hereafter BDTG) [17,18] to optimise56

the signal-to-background ratio for the final fit. Each B-meson candidate is required to57

have a momentum consistent with its flight direction, and a good quality decay vertex58

well separated from the primary pp interaction vertex. Good particle identification59

and a transverse momentum in excess of 0.5 GeV/c2 are required for charged particles.60

Reconstructed invariant masses of the B0

s , J/ and K⇤0 candidates are required to be61

in the ranges 5150 < mJ/ K�⇡+ < 5650 MeV/c2, 2947 < mµ+µ� < 3247 MeV/c2 and62

826 < mK�⇡+ < 966 MeV/c2, respectively. Events passing these requirements (excepting63

2

K⇤0 final state particles. In case of J/ K+K� final state, the acceptance in the cos(✓K)223

dimension is expected to be symmetric around cos(✓K) = 0.

Table 3: Corrected angular acceptance weights, for K+⇡� events lying in the first mK⇡ bin. The
normalisation weights are normalised with respect to the ⇠

00

weight.

k ⇠k/⇠1
1 (00) 1.000
2 (kk) +1.379 ± 0.029
3 (??) +1.388 ± 0.003
4 (k?) +0.035 ± 0.019
5 (0 k) �0.003 ± 0.012
6 (0 ?) +0.010 ± 0.011
7 (SS) +1.190 ± 0.019
8 (Sk) �0.042 ± 0.017
9 (S?) +0.029 ± 0.016

10 (S0) �0.929 ± 0.024

Figure 4: 2D projections of the 3D e�ciency function for for K+⇡� events lying in the first mK⇡

bin.
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6.4 CP Asymmetries225

The direct CP violation asymmetry in the B0

(s) decay rate to the final state f
(s,)i, with226

fs,i = J/ (K�⇡+)i and fi = J/ (K+⇡�)i, is defined as:227

Ai
CP (B0

(s) ! f
(s)) =

�(B0

(s) ! f
(s),i) � �(B0

(s) ! f
(s),i)

�(B0

(s) ! f
(s,),i) + �(B0

(s) ! f
(s),i)

. (12)

The index i refers to the polarisation of the final state (i = 0, k, ?, S) and is dropped in228

the rest of this section, for clarity.229
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Table 4: Summary of the measured B0

s ! J/ K⇤0P–wave properties and their statistical and
systematic uncertainties. When no value is given, it means an uncertainty below 5⇥ 10�4, except
for the two phases, �k and �?, in which case, the uncertainty is below 5 ⇥ 10�3.

f
0

fk �k �? ACP
0

ACP
k ACP

?

Fitted value 0.497 0.179 �2.70 0.01 �0.048 0.171 �0.049

Statistical uncertainties +0.024
�0.025

+0.027
�0.026

+0.15
�0.16 0.11 0.057 0.152 +0.095

�0.096

Angular acceptance
0.018 0.008 0.02 0.01 0.009 0.017 0.008

(MC stat)
Angular acceptance

0.015 0.007 0.17 0.10 0.007 — 0.015
(data–MC corrections)

CSP factors — 0.001 — — 0.001 0.002 0.002

D–wave contribution 0.004 0.003 — — 0.002 0.015 0.002

Background
+0.004
�0.003 0.002 0.02 0.01 +0.003

�0.004
+0.012
�0.004 0.002

angular model
Mass parameters and

— — — — 0.001 0.001 —
B0 contamination
Mass—cos(✓µ) 0.007 0.006 0.07 +0.02

�0.04 0.014 +0.009
�0.012 0.016

correlations

Fit bias — — 0.01 0.12 0.003 0.003 0.005

Detection
— — — — 0.005 0.005 +0.005

�0.006asymmetry
Production

— — — — — — —
asymmetry

Quadratic sum of
0.025 0.013 0.19 0.16 +0.019

�0.020
+0.028
�0.027 0.025

systematics

Total uncertainties 0.035 +0.030
�0.029

+0.24
�0.25 0.20 +0.063

�0.062 0.163 +0.098
�0.099

thus to the angular parameters.331

Overall, two sources of systematic uncertainties dominate: the angular acceptance and332

the correlation between the J/ K�⇡+ invariant mass and ✓µ.333

8.1.1 Systematic uncertainties related to the mass fit model334

In order to account for systematic uncertainties due to the fixed parameters in the fit335

to the J/ K⇡ invariant mass, the mass fit is repeated 1000 times where the value of336

each fixed parameter is randomly sampled from a Gaussian distribution of mean and337
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Table 5: Summary of the measured B0

s ! J/ K⇤0S–wave properties and their statistical and
systematic uncertainties. When no value is given, it means an uncertainty below 5⇥ 10�4, except
for the four strong phases related to the S–wave component, �S , in which case, the uncertainty is
below 5 ⇥ 10�3.

ACP
S

mbin0
K⇡ mbin1

K⇡ mbin2
K⇡ mbin3

K⇡
FS �S FS �S FS �S FS �S

Fitted value 0.167 0.475 0.54 0.080 �0.53 0.044 �1.46 0.523 �1.76

Statistical uncertainties +0.113
�0.114

+0.108
�0.112 0.16 +0.031

�0.025
+0.25
�0.21

+0.042
�0.029

+0.22
�0.19

+0.109
�0.112

+0.13
�0.14

Angular acceptance
0.028 0.039 0.03 0.012 0.065 0.015 0.10 0.065 0.06

(MC stat)
Angular acceptance

0.015 0.058 0.08 0.019 0.18 0.027 0.27 0.006 0.04
(data–MC corrections)

CSP factors — 0.002 0.01 0.001 — 0.002 — 0.001 0.01

D–wave contribution 0.008 0.010 0.02 0.005 0.03 0.008 0.08 0.002 0.04

Background
0.001 0.002 0.01 +0.000

�0.001 0.01 — +0.03
�0.02

+0.002
�0.000

+0.07
�0.04angular model

Mass parameters and
0.001 0.001 +0.00

�0.01 — — — — — —
B0 contamination
Mass—cos(✓µ) +0.023

�0.029
+0.040
�0.028 0.05 0.003 0.04 +0.006

�0.016 0.02 +0.009
�0.011

+0.02
�0.03correlations

Fit bias 0.001 0.005 0.01 0.001 0.01 0.004 0.03 0.013 —

Detection
0.005 — — — — — — — —

asymmetry
Production

— — — — — — — — —
asymmetry

Quadratic sum of +0.040
�0.044

+0.081
�0.076 .10 0.023 0.20 +0.033

�0.036 0.30 0.067 +0.10
�0.09systematics

Total uncertainties +0.120
�0.122 0.135 0.19 +0.038

�0.031
+0.32
�0.29

+0.053
�0.046

+0.36
�0.35

+0.128
�0.131 0.17

width corresponding to the nominal value obtained from a fit to simulated events and338

the corresponding uncertainty, respectively. Correlations among the parameters obtained339

from simulation are taken into account in this procedure. Then using the new sets of340

sWeights 1000 fits to the weighted angular distributions are performed, and for each,341

the resulting angular parameter distributions are obtained. The plus- (minus-) one �342

systematic uncertainties are taken as the values at ±34.1% of the considered parameter343

distribution integral around the nominal parameter value. In addition, the systematic344

uncertainties due to the fixed value of a
2

are evaluated by fixing a
2

= 1 and letting it345

free to vary in the fit.346

Systematic uncertainties due to the fixed yields of the B0

s ! J/ K+K�, B0

s !347
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Penguins from Bs→J/ψK*0

‣ Relation between amplitudes:

34

Figure 8: Determination of the penguin parameters ai and ✓i through intersecting contours derived
from the CP asymmetries and branching ratio information in B0

s ! J/ K⇤0 and B0 ! J/ ⇢0.
The inner dark-coloured line represents the contour associated with the central value of the input
quantity. Superimposed are the confidence level contours obtained from a �2 fit to the data.
Shown are the longitudinal (top), parallel (middle) and perpendicular (bottom) polarisation.
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Table 7: Summary of the measured values for the normalised branching fractions and their
statistical and systematic uncertainties.

Normalised branching fraction B(B0
s!J/ K⇤0

)

B(B0!J/ K⇤0
)

(%) B(B0
s!J/ K⇤0

)

B(B0
s!J/ �)

(%)

Nominal value 2.99 4.09
Statistical uncertainties 0.14 0.20
E�ciency ratio 0.04 0.05
Angular correction (!) 0.09 0.07
Mass model (e↵ect on the yield) 0.06 0.08
fd/fs 0.17 0.
Quadratic sum of systematics (excluding fd/fs) 0.12 0.12
Total uncertainties 0.25 0.23

the B0

s ! J/ K⇤0 decay is written in the general form409

A
�
B0

s ! (J/ K⇤0)i
�

= ��Ai

⇥
1 � aie

i✓iei�
⇤

, (37)

with � = Vus = 0.22548+0.00068
�0.00034 [1] and i labels the di↵erent polarisation states. In the410

above expression, Ai is a CP conserving hadronic matrix element that represents the tree411

topology, and ai parametrises the relative contribution from the penguin topologies. The412

CP -conserving strong phase di↵erence between both terms is parametrised by ✓i, whereas413

their weak phase di↵erence is given by the angle � of the Unitarity Triangle.414

Both the branching ratio and the CP asymmetries Eq. 12 depend on the penguin415

parameters ai and ✓i. For the latter quantities, the dependence is given by416

ACP
i = � 2ai sin ✓i sin �

1 � 2ai cos ✓i cos � + a2

i

. (38)

To use the branching ratio information the following observable is constructed:417

Hi ⌘ 1

✏

����
A0

i

Ai

����
2 �(mJ/ /mB0

s
, m�/mB0

s
)

�(mJ/ /mB0
s
, mK⇤0/mB0

s
)

B(B0

s ! J/ K⇤0)
theo

B(B0

s ! J/ �)
theo

fi
f 0
i

, (39)

=
1 � 2ai cos ✓i cos � + a2

i

1 + 2✏a0
i cos ✓0i cos � + ✏2a02

i

,

where418

✏ ⌘ �2

1 � �2
= 0.0536 ± 0.0003 [1] , (40)

and �(x, y) =
p

(1 � (x � y)2)(1 � (x + y)2) is the standard two-body phase-space func-419

tion. The primed quantities refer to the B0

s ! J/ � channel, while the non-primed ones420
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Table 7: Summary of the measured values for the normalised branching fractions and their
statistical and systematic uncertainties.

Normalised branching fraction B(B0
s!J/ K⇤0

)

B(B0!J/ K⇤0
)

(%) B(B0
s!J/ K⇤0

)

B(B0
s!J/ �)

(%)

Nominal value 2.99 4.09
Statistical uncertainties 0.14 0.20
E�ciency ratio 0.04 0.05
Angular correction (!) 0.09 0.07
Mass model (e↵ect on the yield) 0.06 0.08
fd/fs 0.17 0.
Quadratic sum of systematics (excluding fd/fs) 0.12 0.12
Total uncertainties 0.25 0.23
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above expression, Ai is a CP conserving hadronic matrix element that represents the tree411
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CP -conserving strong phase di↵erence between both terms is parametrised by ✓i, whereas413

their weak phase di↵erence is given by the angle � of the Unitarity Triangle.414

Both the branching ratio and the CP asymmetries Eq. 12 depend on the penguin415

parameters ai and ✓i. For the latter quantities, the dependence is given by416

ACP
i = � 2ai sin ✓i sin �

1 � 2ai cos ✓i cos � + a2

i

. (38)

To use the branching ratio information the following observable is constructed:417

Hi ⌘ 1

✏

����
A0

i

Ai

����
2 �(mJ/ /mB0

s
, m�/mB0

s
)

�(mJ/ /mB0
s
, mK⇤0/mB0

s
)

B(B0

s ! J/ K⇤0)
theo

B(B0

s ! J/ �)
theo

fi
f 0
i

, (39)

=
1 � 2ai cos ✓i cos � + a2

i

1 + 2✏a0
i cos ✓0i cos � + ✏2a02

i

,

where418

✏ ⌘ �2

1 � �2
= 0.0536 ± 0.0003 [1] , (40)

and �(x, y) =
p

(1 � (x � y)2)(1 � (x + y)2) is the standard two-body phase-space func-419

tion. The primed quantities refer to the B0

s ! J/ � channel, while the non-primed ones420

19

Table 7: Summary of the measured values for the normalised branching fractions and their
statistical and systematic uncertainties.

Normalised branching fraction B(B0
s!J/ K⇤0

)

B(B0!J/ K⇤0
)

(%) B(B0
s!J/ K⇤0

)

B(B0
s!J/ �)

(%)

Nominal value 2.99 4.09
Statistical uncertainties 0.14 0.20
E�ciency ratio 0.04 0.05
Angular correction (!) 0.09 0.07
Mass model (e↵ect on the yield) 0.06 0.08
fd/fs 0.17 0.
Quadratic sum of systematics (excluding fd/fs) 0.12 0.12
Total uncertainties 0.25 0.23

the B0

s ! J/ K⇤0 decay is written in the general form409

A
�
B0

s ! (J/ K⇤0)i
�

= ��Ai

⇥
1 � aie

i✓iei�
⇤

, (37)

with � = Vus = 0.22548+0.00068
�0.00034 [1] and i labels the di↵erent polarisation states. In the410

above expression, Ai is a CP conserving hadronic matrix element that represents the tree411

topology, and ai parametrises the relative contribution from the penguin topologies. The412

CP -conserving strong phase di↵erence between both terms is parametrised by ✓i, whereas413

their weak phase di↵erence is given by the angle � of the Unitarity Triangle.414

Both the branching ratio and the CP asymmetries Eq. 12 depend on the penguin415

parameters ai and ✓i. For the latter quantities, the dependence is given by416

ACP
i = � 2ai sin ✓i sin �

1 � 2ai cos ✓i cos � + a2

i

. (38)

To use the branching ratio information the following observable is constructed:417

Hi ⌘ 1

✏

����
A0

i

Ai

����
2 �(mJ/ /mB0

s
, m�/mB0

s
)

�(mJ/ /mB0
s
, mK⇤0/mB0

s
)

B(B0

s ! J/ K⇤0)
theo

B(B0

s ! J/ �)
theo

fi
f 0
i

, (39)

=
1 � 2ai cos ✓i cos � + a2

i

1 + 2✏a0
i cos ✓0i cos � + ✏2a02

i

,

where418

✏ ⌘ �2

1 � �2
= 0.0536 ± 0.0003 [1] , (40)

and �(x, y) =
p

(1 � (x � y)2)(1 � (x + y)2) is the standard two-body phase-space func-419

tion. The primed quantities refer to the B0

s ! J/ � channel, while the non-primed ones420

19

Figure 6: Determination of the penguin parameters ai and ✓i through intersecting contours
derived from the CP asymmetries and branching ratio information in B0

s ! J/ K⇤0. The inner
dark-coloured line represents the contour associated with the central value of the input quantity.
Superimposed are the confidence level contours obtained from a �2 fit to the data. Shown are
the longitudinal (top), parallel (middle) and perpendicular (bottom) polarisation.
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refer to B0

s ! J/ K⇤0. The penguin parameters a0
i and ✓0i are defined in analogy to ai and421

✓i, and parametrise the transition amplitude of the B0

s ! J/ � decay as422

A
�
B0

s ! (J/ �)i
�

=

✓
1 � �2

2

◆
A0

i

h
1 + ✏a0

ie
i✓0iei�

i
, (41)

Assuming SU(3) flavour symmetry, and neglecting contributions from exchange and423

penguin-annihilation topologies4 which are present in B0

s ! J/ � but have no counterpart424

in B0

s ! J/ K⇤0, we can identify425

a0
i = ai , ✓0i = ✓i . (42)

The Hi observables are constructed in terms of the theoretical branching ratios defined at426

decay time t = 0, which di↵er from the measured time-integrated branching ratios [38] due427

to the non-zero decay-width di↵erence of the B0

s meson system [6]. For the flavour-specific428

B0

s ! J/ K⇤0 decay, the conversion factor between both branching ratio definitions [38]429

is 0.9963 ± 0.0006, while for the B0

s ! J/ � decay it is assumed to be 1.0608 ± 0.0045430

(0.9392± 0.0045) for the CP -even (-odd) states. The ratios of hadronic amplitudes |A0
i/Ai|431

are calculated in Ref. [39] following the method described in Ref. [40] and using the latest432

results on form factors from Light Cone QCD Sum Rules (LCSR) [41]. This leads to433

H
0

= 0.99 ± 0.07 (stat) ± 0.06 (syst) ± 0.27 (|A0
i/Ai|) , (43)

Hk = 0.91 ± 0.14 (stat) ± 0.08 (syst) ± 0.21 (|A0
i/Ai|) , (44)

H? = 1.47 ± 0.14 (stat) ± 0.11 (syst) ± 0.28 (|A0
i/Ai|) . (45)

Assuming Eq. 42 and external input on the Unitarity Triangle angle �, the penguin434

parameters ai and ✓i are obtained from a modified least-squares fit to ACP
i and Hi. The435

information on �, i.e. � =
�
73.2+6.3

�7.0

��
[1], is included as a Gaussian constraint in the fit.436

The results are437

a
0

= 0.03+0.97
�0.03 , ✓

0

=
�
64+116

�244

��
, (46)

ak = 0.32+0.58
�0.32 , ✓k = � �

15+150

�14

��
, (47)

a? = 0.45+0.21
�0.27 , ✓? = (175 ± 10)� , (48)

with the two-dimensional confidence level contours given in Fig. 6. This figure also shows438

the constraints on the penguin parameters derived from the individual observables entering439

the �2 fit as di↵erent coloured bands. For the longitudinal polarisation state the strong440

phase ✓ is unconstrained. Correlations between the experimental inputs are ignored, but441

the e↵ect of including them is small.442

When decomposed into its di↵erent sources, the angle �s takes the form443

�s = �2�s + �BSM

s + ��J/ �
s,i (ai, ✓i) , (49)

4We follow the decomposition introduced in Ref. [37].
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SU(3) Flavour Symmetry

‣ Observables for extraction:

where �2�s is the SM contribution, �BSM

s is a possible BSM phase, and ��J/ �
s,i is a shift444

introduced by the presence of penguin contributions in the decay B0

s ! J/ �. In terms of445

the penguin parameters ai and ✓i, the shift ��J/ �
s,i is defined as446

tan(��J/ �
s,i ) =

2✏a0
i cos ✓0i sin � + ✏2a02

i sin(2�)

1 + 2✏a0
i cos ✓0i cos � + ✏2a02

i cos(2�)
. (50)

The fit results on ai and ✓i in Eq. 46 and Eq. 48 constrain this phase, giving447

��J/ �
s,0 = 0.001+0.087

�0.011 (stat)+0.013
�0.008 (syst)+0.048

�0.030 (|A0
i/Ai|) ,

��J/ �
s,k = 0.031+0.049

�0.038 (stat)+0.013
�0.013 (syst)+0.031

�0.033 (|A0
i/Ai|) ,

��J/ �
s,? = �0.046+0.012

�0.012 (stat)+0.007
�0.008 (syst)+0.017

�0.024 (|A0
i/Ai|) ,

which is in good agreement with the values measured in Ref. [13], and with the predictions448

in Refs. [10–12].449

The above results are obtained assuming SU(3) flavour symmetry and neglecting con-450

tributions from additional decay topologies. Because aie
i✓i represents a ratio of hadronic451

amplitudes, the leading factorisable SU(3)-breaking e↵ects cancel, and the relation be-452

tween aie
i✓i and a0

ie
i✓0i is only a↵ected by non-factorisable SU(3)-breaking. This can be453

parametrised using two SU(3)-breaking parametes ⇠ and � as454

a0
i = ⇠ ⇥ ai , ✓0i = ✓i + � . (51)

The dependence on ⇠ is illustrated in Fig. 7, while the dependence on � is negligible for455

the solutions obtained in Eq. 46 and Eq. 48.456

9.2 Combination with B0 ! J/ ⇢0457

The information on the penguin parameters obtained from B0

s ! J/ K⇤0 can be comple-458

mented with similar information from the SU(3)-related mode B0 ! J/ ⇢0 [13]. Both459

modes describe a b̄ ! c̄cd̄ transition, and are related by exchanging the spectator s $ d460

quarks. In terms of a third set of penguin parameters ãi and ✓̃i, the decay amplitude of461

B0 ! J/ ⇢0 is therefore also parametrised by Eq. 37. Assuming SU(3) symmetry, and462

neglecting the contributions from exchange and penguin-annihilation topologies which are463

present in B0

s ! J/ � and B0 ! J/ ⇢0 but have no counterpart in B0

s ! J/ K⇤0, we464

can extend the relation Eq. 42 to465

a0
i = ai = ãi , ✓0i = ✓i = ✓̃i . (52)

This allows us to perform a combined fit to the CP and branching ratio information in466

B0

s ! J/ K⇤0 and B0 ! J/ ⇢0.467

CP violation in B0 ! J/ ⇢0 is described by two parameters: the direct CP asymmetry468

Ci and the mixing-induced CP asymmetry Si. Their dependence on the penguin parameters469
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Penguins from Bs→J/ψK*0

‣ Observables in B0 → J/ψρ0 that relate to penguin parameters:

35

ai and ✓i is given by470

Ci =
2 ai sin ✓i sin �

1 � 2 ai cos ✓i cos � + a2

i

, (53)

Si = �⌘i

sin�d � 2 ai cos ✓i sin(�d + �) + a2

i sin(�d + 2�)

1 � 2 ai cos ✓i cos � + a2

i

�
, (54)

where ⌘i is the polarisation-dependent CP eigenvalue of the B0 ! J/ ⇢0 decay, and �d471

is a CP -violating phase arising from the interference between B0–B0 mixing and the472

subsequent B0 decay.473

To minimise the theoretical uncertainties associated with the use of the Hi observables,474

we follow the suggestion in Ref. [11]. That is, we assume the relation475

����
A0

i

Ai

���� ⌘
����

A0
i(B

0

s ! J/ �)

Ai(B0

s ! J/ K⇤0)

���� =

����
A0

i(B
0

s ! J/ �)

Ai(B0 ! J/ ⇢0)

���� (55)

between the hadronic amplitudes in B0

s ! J/ K⇤0 and B0 ! J/ ⇢0 and therefore do not476

need to rely on theoretical input from LCSR. Instead, the ratio |A0/A| can be determined477

directly from the fit, providing experimental information on this quantity. E↵ectively, the478

three CP asymmetry parameters ACP
i , Ci and Si determine the penguin parameters ai479

and ✓i. This result for ai and ✓i then predicts the value of the two Hi observables. By480

comparing these quantities with the branching ratio and polarisation information, the481

hadronic amplitude ratios |A0
i/Ai| can be determined. The impact of the Hi observables482

on the penguin parameters ai and ✓i is negligible in the combined fit.483

For the combined analysis of B0

s ! J/ K⇤0 and B0 ! J/ ⇢0 a modified least-squares484

fit is performed. External input on � =
�
73.2+6.3

�7.0

��
[1] and �d = 0.767 ± 0.029 [39], where485

the latter has been corrected for penguin pollution in �d from B0 ! J/ K0

S

, is included486

as a Gaussian constraint in the fit. The results are487

a
0

= 0.01+0.10
�0.01 , ✓

0

= � �
82+98

�262

��
����
A0

0

A
0

���� = 1.190+0.074
�0.056 , (56)

ak = 0.07+0.11
�0.05 , ✓k = � �

85+71

�63

��
�����
A0

k

Ak

����� = 1.233+0.104
�0.079 , (57)

a? = 0.04+0.12
�0.04 , ✓? =

�
38+142

�218

��
����
A0

?
A?

���� = 1.039+0.080
�0.063 , (58)

with the two-dimensional confidence level contours given in Fig. 8. This figure also shows488

the constraints on the penguin parameters derived from the individual observables entering489

the �2 fit as di↵erent coloured bands. A small tension can be observed between the Hi490

observables constructed using the B0

s ! J/ K⇤0 and the equivalent using the B0 ! J/ ⇢0491

decay. This tension does not bias the obtained results for ai and ✓i.492

The results on the penguin phase shift derived from the results on ai and ✓i in Eq. 56493
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CPV Measurements Charm at LHCb

‣ At LHCb two methods to tag charm 

• semi-leptonic B decays

36

D*(2010)+

D0 πs+B

µ+

D0

νμ

‣ O(5 x 1012) cc pairs produced during 2011-2012 in LHCb 

• Worlds best sensitivity to many Charm CPV observables 

• Highly boosted D mesons great for time-dependent studies

charge provides tag
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Time integrated CPV in D0→KSKS

‣ dominant processes largely cancel 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1 Introduction1

The search for CP violation in charm decays is still a hot topic today and has not been2

successful up to now. Measurements of the time-integrated CP asymmetry in decays3

of D0 mesons into final states of two charged mesons may have hinted to CP violation,4

although the combined results are not yet conclusive [1–5]. Here, we present the first5

result on CP violation in D0 decays to two neutral mesons at LHCb. For the decay6

D0! K0
SK

0
S which is the subject of this paper1, there is only one measurement to date7

yielding A
CP

= (23 ± 19)% [6]. It has been argued in Ref. [7] that the CP asymmetry8

in this decay could be O(1%) or even larger if the hints for CP violation in D0 to two9

charged mesons are of the order of 0.7%. Any measurement of this property more precise10

than the existing one would help understanding the mechanism of a possible CP violation11

in all charm decays when using SU(3) flavour symmetry with moderate breaking terms.12

The leading Feynman diagrams of the decay D0 ! K0K0, shown in Fig. 1, are two W13

exchange processes which should cancel to a high precision. This means that this decay14

mainly happens though final-state rescattering via ⇡+⇡� ! K0
SK

0
S or K+K� ! K0

SK
0
S15

(see, e.g., Ref. [8]).16

s

s

u

c

W
d
d

d

d

u

c

W
s
s

Figure 1: The leading Feynman diagrams for D0! K0K0.

In this paper a measurement of the time-integrated charge asymmetry in D0! K0
SK

0
S17

is reported. To determine the flavour of the D meson, the charge of the slow pion from18

the decay D⇤+ ! D0⇡+ is used. Here, as throughout this document, D⇤+ stands for19

D⇤(2010)+. As a control channel, the decay D0! K�⇡+ is used.20

2 Detector and software21

For this analysis the proton-proton collision data taken at the LHCb detector [9, 10] in22

2011 and in 2012, at a centre-of-mass energy of
p
s = 7TeV and

p
s = 8TeV, respectively,23

have been used. This data corresponds to an integrated luminosity of about 3 fb�1.24
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successful up to now. Measurements of the time-integrated CP asymmetry in decays3

of D0 mesons into final states of two charged mesons may have hinted to CP violation,4

although the combined results are not yet conclusive [1–5]. Here, we present the first5

result on CP violation in D0 decays to two neutral mesons at LHCb. For the decay6

D0! K0
SK

0
S which is the subject of this paper1, there is only one measurement to date7

yielding A
CP

= (23 ± 19)% [6]. It has been argued in Ref. [7] that the CP asymmetry8

in this decay could be O(1%) or even larger if the hints for CP violation in D0 to two9

charged mesons are of the order of 0.7%. Any measurement of this property more precise10

than the existing one would help understanding the mechanism of a possible CP violation11

in all charm decays when using SU(3) flavour symmetry with moderate breaking terms.12

The leading Feynman diagrams of the decay D0 ! K0K0, shown in Fig. 1, are two W13

exchange processes which should cancel to a high precision. This means that this decay14

mainly happens though final-state rescattering via ⇡+⇡� ! K0
SK

0
S or K+K� ! K0

SK
0
S15

(see, e.g., Ref. [8]).16
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Figure 1: The leading Feynman diagrams for D0! K0K0.
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0
S17

is reported. To determine the flavour of the D meson, the charge of the slow pion from18

the decay D⇤+ ! D0⇡+ is used. Here, as throughout this document, D⇤+ stands for19

D⇤(2010)+. As a control channel, the decay D0! K�⇡+ is used.20

2 Detector and software21

For this analysis the proton-proton collision data taken at the LHCb detector [9, 10] in22

2011 and in 2012, at a centre-of-mass energy of
p
s = 7TeV and

p
s = 8TeV, respectively,23

have been used. This data corresponds to an integrated luminosity of about 3 fb�1.24

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity25

range 2 < ⌘ < 5, designed for the study of particles containing b or c quarks. The detector26
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Figure 3: Distributions of�m split into (left)D⇤+ and (right)D⇤�, including the fit function. The
solid black line corresponds to the total fit, the dashed grey line corresponds to the background,
and the blue dash-dotted line represents the signal contribution. The di↵erent panels are for
(top) LL, and (bottom) LLtrig.

±1.5MeV around the nominal value (the signal region is smaller than in case of the control143

channel fit due to the very di↵erent signal to background ratio). With this method we144

derive a systematic uncertainty of 0.019.145

The systematic e↵ects that arise due to the slow pion charge asymmetry, as well as the146

production asymmetry, are determined using the control channel. In this decay channel,147

there is an additional detection asymmetry from the charged kaon. In Ref. [24], the148

charged kaon detection asymmetry has been measured to be in the range �0.8% to �1.2%149

with 0.2% precision including trigger e↵ects (note the di↵erent sign definition for the150

asymmetry in that reference). Thus we apply a correction of (+1.0±0.5)% to the observed151

asymmetry in the control channel resulting in a combined slow pion detection asymmetry152

and D⇤ production asymmetry of 0.009. As a conservative estimate of the uncertainty,153
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Figure 4: Distributions of�m split into (left)D⇤+ and (right)D⇤�, including the fit function. The
solid black line corresponds to the total fit, the dashed grey line corresponds to the background,
while the blue dash-dotted line represents the signal contribution. The di↵erent panels are for
(top) LD, and (bottom) DD.

which then also covers any e↵ect of a possible di↵erence in the fraction of charm from154

secondary decays between the signal and the control channel, we use the absolute value155

of the above number as systematic uncertainty. A summary of the relevant systematic156

uncertainties is given in Table 3.157

6 Result158

A time-integrated CP asymmetry in the decay D0! K0
SK

0
S is determined to be159

A
CP

= �0.029 ± 0.052 ± 0.022 ,

7

‣ 3 different track categories 
(LL, DD, LD) 

‣ dedicated trigger line during 
2012 running period 

‣ systematics assessed from D0→K-π+ 

‣ charged pion detection 
asymmetry 

‣ background model



Ramon Niet | SUSY 2015 - 24/8/2015

Amplitude Analysis of D0→KSK±π∓

38

LHCb 
Preliminary

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
m

2
K⇡ [ GeV2

/c

4 ]

�1000

0

1000

2000

3000

4000

5000

C
an

di
da

te
s

/
(0

.0
25

G
eV

2 /
c

4 )

Total
K�(892)+

K
�
(1410)0

K
�
(892)0

(K⇡)0
S-wave

K
�
2(1430)0

(K0
S⇡)+

S-wave

K�(1410)+

⇢(1450)�
a0(1450)�

a2(1320)�

⇢(1700)�

K
�
(1410)0 ⇥ K�(892)+

(K⇡)0
S-wave ⇥ K�(892)+

(K0
S⇡)+

S-wave ⇥ K
�
2(1430)0

K�(892)+ ⇥ ⇢(1450)�
(K0

S⇡)+
S-wave ⇥ K�(892)+

(K0
S⇡)+

S-wave ⇥ (K⇡)0
S-wave

(K0
S⇡)+

S-wave ⇥ K
�
(1410)0

(K0
S⇡)+

S-wave ⇥ K
�
(892)0

(K⇡)0
S-wave ⇥ K

�
2(1430)0

Remainder
Mis-tag
Combinatorial

5

LHCb

Figure 13: (Color online) Distribution of m2

K⇡ in the D0 ! K0

SK
�⇡+ mode with fit curves from the

best GLASS model superimposed. The solid blue curve shows the full PDF P
K

0
SK

�⇡+(m2

K

0
S⇡
,m2

K⇡).

The dotted blue (red) curve shows the mis-tag (combinatorial) background contribution, and
all other curves show isobar model components. Solid curves show direct contributions from
particular resonances, while the dashed curves show interference terms. The purple curve labeled
‘remainder’ is an exception; this is the sum of all model contributions which are not drawn
explicitly. The lower plot shows the normalized residuals di�mip

mi
, where d

i

and m
i

are the number

of candidates and average PDF value in bin i.
49

LHCB-PAPER-2015-026  in preparation 
to be submitted to PRD

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

m

2
K⇡ [ GeV2

/c

4 ]

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

m

2 K
0 S
⇡

[G
eV

2 /
c

4
]

LHCb

Figure 3: Dalitz plots showing the D0 ! K0

SK
�⇡+ (left) and D0 ! K0

SK
+⇡� (right) data in the

two-dimensional signal region.

lie inside the kinematically allowed region of the Dalitz plot. Finally a veto is applied153

to candidates extremely near the boundary of the kinematically allowed region; this is154

detailed in Sect. 4.3.155

4 Analysis formalism156

The dynamics of a decay D0 ! ABC, where A, B, C and D0 are all pseudoscalar mesons, is157

completely described by two variables. The conventional choice is to use a pair of squared158

invariant masses, with a two dimensional distribution in these variables referred to as a159

Dalitz plot [30]. This paper will use m

2

K

0
S⇡

⌘ m

2(K0

S⇡) and m

2

K⇡ ⌘ m

2(K⇡) as this choice160

highlights the dominant resonant structure of the D0 ! K0

SK
±⇡⌥ decay modes. Amplitude161

models are fitted using the isobar formalism and an unbinned maximum-likelihood method,162

using the GooFit [31] package to exploit massively-parallel Graphics Processing Unit163

(GPU) architectures. Where �

2

/bin values are quoted these are simply to indicate the164

quality of fit. Statistical uncertainties on derived quantities, such as the resonance fit165

fractions, are calculated using a pseudoexperiment method based on the fit covariance166

matrix. The fit software and uncertainty calculation are validated using simulated data.167

4.1 Isobar models for D0! K0

S
K±⇡⌥

168

The signal isobar models decompose the decay chain into D0 ! (R! (AB)
L

)C contribu-169

tions, where R is a resonance with spin L equal to 0, 1 or 2. The corresponding 4-momenta170

are denoted p

D

0 , p

A

, p

B

and p

C

. The reconstructed invariant mass of the resonance is171

denoted m

AB

, and the nominal mass m

R

. The matrix element for the D0 ! K0

SK
±⇡⌥

172

6

K*(892)±

K*(892)0

LHCb 
Preliminary

D0→KSK-π+  sample 
+ charge conjugated

‣Destructive Interference of KSπ S-Wave
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