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News from LHCb
•  violation (CPV) in charm:


,  September 2022                                   [arXiv:2209.03179]

Local CPV search in ,  March 2023            [arXiv:2303.04062]


•Direct measurements of the CKM parameter :

with ,  September 2022                 [arXiv:2209.03692]

with ,  January 2023                       [arXiv:2301.10328]

‣ 


•  CPV in penguin-mediated decays

Time- and polarisation-dependent  
analysis of  decays,  NEW!!!                           [LHCb-PAPER-2023-001-002]

CP
ACP(D0 → K+K−)

D+
(s) → K−K+K+

γ
B± → [K∓π±π±π∓]D h±

B± → [h+h−π+π−]D h′ ∓

h = K, π

B0
s → ϕϕ

http://arxiv.org/abs/2209.03179
http://arxiv.org/abs/2303.04062
http://arxiv.org/abs/2209.03692
http://arxiv.org/abs/2301.10328
https://cds.cern.ch/record/2852424/files/LHCb-PAPER-2023-001.pdf
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Charm  violationCP
•Unique laboratory to study CPV in up-type quarks


•Predicted to be small in the Standard Model (SM)

smallness of involved CKM elements

SM predictions have to face non-perturbative strong interactions

‣ 


•Direct CPV observed in March 2019  by LHCb

Measured value challenges first-principles QCD calculations  
⇒ enhancement of QCD rescattering or new physics


‣For review see: [arXiv:2011.04443v1], [arXiv:2208.05769v2]   

•Further measurements are needed in the charm sector 

ACP ∼ 10−4 − 10−3

La Thuile, 8 March 2023 T. Pajero (Oxford)  |  CKM and CP violation measurements at LHCb

CP violation in charm
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Charm neutral mesons are the only ones made up of up-type quarks

→ complementary sensitivity to BSM


Mixing and CP violation (CPV) suppressed by


• smallness of CKM elements involved: 


• GIM mechanism ( ,   and  contributions cancel in U-spin limit)

CPV ∝ Im ( VcbV*bu

VcsV*su ) ≈ − 6 × 10−4
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[PRL 122 (2019) 211803]

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

= (−1.54 ± 0.29) × 10−3

[PRD 86 (2012) 036012][PRD 85 (2012) 034036]
[PLB 774 (2017) 235-242][JHEP 05 (2012) 140]

[PRD 75 (2007) 036008]

[PRD 99 (2019) 11, 113001] [JHEP 07 (2019) 020] [JHEP 12 (2019) 104]
[JHEP 09 (2021) 126] [JHEP 05 (2021) 179] [arXiv:2203.04056]

https://arxiv.org/pdf/2011.04443.pdf
https://arxiv.org/pdf/2208.05769.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.211803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.036012
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.079903
https://www.sciencedirect.com/science/article/pii/S0370269317307827?via=ihub
https://link.springer.com/article/10.1007/JHEP05(2012)140
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.75.036008
https://inspirehep.net/literature/1720402
https://inspirehep.net/literature/1726788
http://www.apple.com/it/
http://www.apple.com/it/
https://inspirehep.net/literature/1839648
https://arxiv.org/abs/2203.04056
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Supplemental material

Reconstructed mean decay times

The interpretation of ACP (K�K+) in terms of direct CP asymmetries, ad⇡�⇡+ and adK�K+

requires the measurement of the reconstructed mean decay time of D0
! K�K+

decay. The values corresponding to the measurements presented in this Letter are
htiK�K+ = (7.315± 0.020)⇥ 10�13 s and htiK�K+ = (6.868 ± 0.014) ⇥ 10�13 s for the
CD+ and CD+

s
methods, respectively. Their correlation corresponds to ⇢ = 0.74. These

measurements are also correlated with the di↵erence of reconstructed mean decay times
for D0

! K�K+ and D0
! ⇡�⇡+ decays, �hti⇡�tagged, measured in Ref. [13]. The

correlation coe�cients between htiK�K+ and �hti⇡�tagged are ⇢ = 0.23 and ⇢ = 0.25 for
the CD+ and CD+

s
methods, respectively.

Additional plots
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Figure 3: Distributions of the invariant mass for the weighted charm-meson candidates, for the

decays (top left) D⇤+
!D0

(!K�K+
)⇡+

, (top right) D⇤+
!D0

(!K�⇡+
)⇡+

, (bottom left)

D+
!K�⇡+⇡+

, (bottom right) D+
!K0⇡+

. The data are from the CD+ calibration procedure.

The results of the fits to these distributions are also shown. The top left is repeated from the

main text.

9

6M

Federico Betti on behalf of LHCb Moriond EW 2023 - 20/03/2023

Measurement of ACP(D0 → K−K+)

• Run 2 data sample 

• Nuisance asymmetries corrected with Cabibbo-favoured decays  two 

calibration procedures almost statistically independent
→

17
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37 M

arXiv:2209.03179

Original 
method (used 
also in Run 1)

New 
method

Araw(D → f ) ≃ ACP(D → f ) + Adet( f ) + Adet(tag) + Aprod(D)
Physical  asymmetryCP Final state detection 

asymmetry
Tagging particle detection 

asymmetry

Production 
asymmetry

ACP(D → f ) = Γ(D → f ) − Γ(D → f )
Γ(D → f ) + Γ(D → f )

•New measurement with Run2 data  

•  to tag the  flavour


•Raw asymmetries with  
invariant-mass fits 




•Nuisance asymmetries subtracted using 
raw asym. of  Cabibbo-favoured decays


Two procedures almost statistically independent

‣ Accurate kinematic reweighting of all channels


‣  is bottleneck to final precision

D*+ → D0π+
soft D0

A(D → f ) ≃ ACP(D → f ) + Adet( f ) + Adet(tag) + Aprod(D)

D+
(s) → K0

Sh+

4

Measurement of ACP(D0 → K+K−)

Final state  
detection  

asym.

Tagging 
 particle 

detection  
asym.

Production 
asym.

Physical 
 asym.CP

Raw 
 asym.

N − N
N + N

Γ(D → f ) − Γ(D → f )
Γ(D → f ) − Γ(D → f )

[arXiv:2209.03179]
[arXiv:2209.03179]

Run1 method
ACP(D0 → K+K−) = + A(D*+ → (D0 → K+K−)π+) − A(D*+ → (D0 → K−π+)π+)

+A(D+ → K−π+π+) − [A(D+ → K0π+) − A(K0)]

Additional, new method
ACP(D0 → K+K−) = + A(D*+ → (D0 → K+K−)π+) − A(D*+ → D0 → K−π+)π+)

+A(D+
s → ϕπ+) − [A(D+

s → K0K+) − A(K0)]

[PLB767 (2017) 177]

http://arxiv.org/abs/2209.03179
http://arxiv.org/abs/2209.03179
https://www.sciencedirect.com/science/article/pii/S0370269317300795?via=ihub
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 depends on all the CPV categories.  
Hence, using all LHCb measurements of 

, , , and :

ACP

ΔYh+h− ⟨t⟩h+h− ACP(D0 → K+K−) ΔACP

5

Measurement of ACP(D0 → K+K−)

Federico Betti on behalf of LHCb Moriond EW 2023 - 20/03/2023

Measurement of ACP(D0 → K−K+)
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ACP(K−K+) |D+ = (13.6 ± 8.8 ± 1.6) × 10−4
ρstat = 0.05
ρsyst = 0.28

ad
KK = (7.7 ± 5.7) × 10−4

ad
ππ = (23.2 ± 6.1) × 10−4

ρ(ad
KK, ad

ππ) = 0.88

By combining all LHCb measurements of 
, ,  and , 

using 

ACP(K−K+) ΔACP ΔY ⟨t⟩h−h+

ACP(h−h+) = ad
h−h+ + ⟨t⟩h−h+

τD0
ΔY

Uncertainty about half of 
the previous world average

arXiv:2209.03179

ACP(K−K+) |D+
s = (2.8 ± 6.7 ± 2.0) × 10−4

• Evidence of direct  violation 
in  at  level


• Exceeds at  level SM 
expectations of U-spin 
symmetry breaking

CP
D0 → π−π+ 3.8σ

2σ

Uncertainty about half of 
the previous world average

Result of this analysis:

ACP(D0 → K+K−) = (6.8 ± 5.4 ± 1.6) × 10−4

ad
K+K− = (7.7 ± 5.7) × 10−4
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Figure 2: Central values and two-dimensional confidence regions in the (adK�K+ , ad⇡�⇡+) plane

for the combinations of the LHCb results obtained with the dataset taken between 2010 and

2018 and the one taken between 2010 and 2012, corresponding to an integrated luminosity of

8.7 fb
�1

and 3.0 fb
�1

, respectively.

8

stat. syst.

ACP(D → f ) ≃ a d
f +

⟨t⟩f

τD
ΔYf

a d
f → CPV in decayΔYf → CPV in mixing and interf . mixing/decay

[PRL 122 (2019) 211803, PRD 104 (2021) 072010]

[arXiv:2209.03179]
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[arXiv:2209.03179]

[arXiv:2209.03179]

[PRL 105 (2010) 081803]

[arXiv:2209.03179]

[HFLAV]

1st evidence of CPV 
for a single charm  
decay channel ( )3.8σ

https://inspirehep.net/literature/1726338
https://inspirehep.net/literature/1864385
http://arxiv.org/abs/2209.03179
http://arxiv.org/abs/2209.03179
http://arxiv.org/abs/2209.03179
http://arxiv.org/abs/2209.03179
http://arxiv.org/abs/2209.03179
https://hflav.web.cern.ch


Rencontres de Moriond, 27th March 2023 Figure 2: Dalitz plot distribution of (left) D+
s ! K�K+K+ and (right) D+

! K�K+K+

candidates, within a K�K+K+ mass region comprising 95% of the total amount of signal
candidates. The binning scheme with 21 bins is overlaid in each case. The Dalitz plots are
displayed within the same ranges for slow and shigh for a better comparison.

where N i(D+
(s)) and N i(D�

(s)) represent the number of signal candidates in the ith bin of

the D+
(s) and D�

(s) Dalitz plots, respectively, and �iN(D
+
(s)), �

i
N(D

�
(s)) their corresponding

statistical uncertainties. The factor ↵ normalises the total (Dalitz-plot integrated) D�
(s)

yield to that of D+
(s). The method is therefore only sensitive to local CP asymmetries,

while global e↵ects such as production and detection asymmetries, if uniform across the
Dalitz plot, are corrected for. In the absence of CPV, the values of S i

CP follow a standard
normal distribution. A two-sample �2 test is conducted, with �2 =

P
(S i

CP )
2, and with

the number of degrees of freedom (ndof) being the number of bins minus one (due to
the constraint of the ↵ normalisation). The resulting p-value from this test is defined as
the probability of obtaining a �2 that is at least as high as the value observed, under the
assumption of CP conservation (null hypothesis). The criterion used is that CP violation
is observed for p-values less than 3⇥ 10�7.

The original Miranda method relies on counting the number of particle and antiparticle
candidates in each bin, including contributions from both signal and background, with
corresponding uncertainties given by their square roots. In this paper, a novel approach
is introduced, in which the test is performed by obtaining N i(D±

(s)) and corresponding

uncertainties through fits to the K⌥K±K± invariant-mass distribution of the candidates
in each bin. By doing so, the e↵ect of the background contribution to the calculation of
SCP is removed. This is particularly relevant for large samples with a significant level of
background: when a source of global charge asymmetry (such as that from production
e↵ects) a↵ects the signal and the background di↵erently, the ↵ factor calculated using the
original Miranda method, which includes contributions from both signal and background,
may introduce a bias as shown below.
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(s)) represent the number of signal candidates in the ith bin of

the D+
(s) and D�

(s) Dalitz plots, respectively, and �iN(D
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the probability of obtaining a �2 that is at least as high as the value observed, under the
assumption of CP conservation (null hypothesis). The criterion used is that CP violation
is observed for p-values less than 3⇥ 10�7.

The original Miranda method relies on counting the number of particle and antiparticle
candidates in each bin, including contributions from both signal and background, with
corresponding uncertainties given by their square roots. In this paper, a novel approach
is introduced, in which the test is performed by obtaining N i(D±

(s)) and corresponding

uncertainties through fits to the K⌥K±K± invariant-mass distribution of the candidates
in each bin. By doing so, the e↵ect of the background contribution to the calculation of
SCP is removed. This is particularly relevant for large samples with a significant level of
background: when a source of global charge asymmetry (such as that from production
e↵ects) a↵ects the signal and the background di↵erently, the ↵ factor calculated using the
original Miranda method, which includes contributions from both signal and background,
may introduce a bias as shown below.
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Local CPV in D+
(s) → K−K+K+

•Multibody decays 
local  asymmetries possibly 
larger than the integrated ones


• 

Cabibbo suppressed

might show CPV


• 

Doubly-Cabibbo Suppressed

CPV essentially forbidden in the SM

CP

D+
s → K−K+K+

D+ → K−K+K+
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Figure 1: Invariant-mass distributions for (left) D+
s ! K�K+K+ and (right) D+

! K�K+K+

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

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

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

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

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

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

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

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

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

4 Method

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

S
i
CP =

N i(D+
(s))� ↵N i(D�

(s))q
↵(�2

N i(D+
(s))

+ �2
N i(D�

(s))
)
, with ↵ =

P
i N

i(D+
(s))P

i N
i(D�

(s))
, (1)

3This expression is the same as used in previous publications [36, 37, 39] and although it di↵ers in the
denominator from that in Ref. [33], for ↵ close to one the values of SCP are nearly identical.
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The purity of the samples in a region comprising 95% of the signal candidates is about
64% and 78% for D+

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

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

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

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

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

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

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

4 Method

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

S
i
CP =

N i(D+
(s))� ↵N i(D�

(s))q
↵(�2

N i(D+
(s))

+ �2
N i(D�

(s))
)
, with ↵ =

P
i N

i(D+
(s))P

i N
i(D�

(s))
, (1)

3This expression is the same as used in previous publications [36, 37, 39] and although it di↵ers in the
denominator from that in Ref. [33], for ↵ close to one the values of SCP are nearly identical.
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D+

Global invariant mass distributions

Dalitz plot distributions

[arXiv:2303.04062]

Federico Betti on behalf of LHCb Moriond EW 2023 - 20/03/2023

Search for local  violation in CP D+
(s) → K−K+K+

• Dalitz plot divided in 21 bins that reproduce the pattern of the main 
resonances (  constant strong phase)


• Miranda method:  test to compare Dalitz distributions of  and 
 (yields obtained by mass fit in each bin)


• Control samples: Cabibbo-favoured  and 


• Sensitivity studies: possible observation of  violation if relative 
magnitude of amplitudes for  or  differs from 3% to 7% (or phase 
differs from 3° to 7°) between  and 

≃
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Ni(D−(s)))

, α =
∑i Ni(D+

(s))
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  takes into account global 
nuisance asymmetries
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shigh = m2
max(K−K+)
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•Run2 data sample


•Dalitz plot divided in 21 bins to enhance sensitivity

pattern of the main resonances is reproduced 

‣  const. strong phase


•  test to compare Dalitz distribution of yields  
obtained by mass fit in each bin


•Variation of the Miranda method:

Not affected by global nuisance asym.

Local nuisance asym. are negligible

‣ Checked with simulation and control samples 

(Cabibbo-favoured ,  decays)

≈

χ2

D+ → K−π+π+ D+
s → K−K+π+

Figure 8: SCP values across the Dalitz plot for (left) D+
s ! K�K+K+ and (right)

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

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

D+
! K�K+K+ signal candidates for the alternative binning scheme with 50 bins.
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Local CPV in  D+
(s) → K−K+K+
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Figure 3: Mass distributions for the D+
s candidates in three representative Dalitz plot bins

(a,b,c), defined in the lower right subfigure.

The binning scheme utilised in this analysis consists of 21 bins for each decay channel,4

chosen such that the number of signal candidates varies within roughly a factor of two
among all bins. The division of the bins around slow ⇠ 1GeV2 is defined to enhance
the sensitivity to CP asymmetries that may change sign when crossing the �(1020)
resonance mass or the node of its angular distribution, for instance due to S- and P-wave
interference [61, 62]. The binning maps can be seen in Fig. 2. An alternative binning
with 50 bins is used for cross-checks. For the K�K+K+ invariant-mass fits in each
Dalitz-plot bin, the signal and background models are those described in Sect. 3, where
the signal shape parameters are fixed to values obtained from simulation in each bin. Fits
to the K�K+K+ and K+K�K� mass spectra in each bin are performed independently.
Figures 3 and 4 show examples of the mass fits for three representative bins.

Studies are performed to validate the fit-per-bin method. Pseudoexperiments are

4Sensitivity studies with pseudoexperiments show that for this dataset size the optimal number of bins is
about 20: fewer bins may result in loss of sensitivity by integrating potential local e↵ects with opposite
signs, while more bins lead to a loss of statistical power.
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to the K�K+K+ and K+K�K� mass spectra in each bin are performed independently.
Figures 3 and 4 show examples of the mass fits for three representative bins.
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4Sensitivity studies with pseudoexperiments show that for this dataset size the optimal number of bins is
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interference [61, 62]. The binning maps can be seen in Fig. 2. An alternative binning
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Dalitz-plot bin, the signal and background models are those described in Sect. 3, where
the signal shape parameters are fixed to values obtained from simulation in each bin. Fits
to the K�K+K+ and K+K�K� mass spectra in each bin are performed independently.
Figures 3 and 4 show examples of the mass fits for three representative bins.
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4Sensitivity studies with pseudoexperiments show that for this dataset size the optimal number of bins is
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Figure 1: Invariant-mass distributions for (left) D+
s ! K�K+K+ and (right) D+

! K�K+K+

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

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

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

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

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

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

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

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

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

4 Method

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

S
i
CP =

N i(D+
(s))� ↵N i(D�

(s))q
↵(�2

N i(D+
(s))

+ �2
N i(D�

(s))
)
, with ↵ =

P
i N

i(D+
(s))P

i N
i(D�

(s))
, (1)

3This expression is the same as used in previous publications [36, 37, 39] and although it di↵ers in the
denominator from that in Ref. [33], for ↵ close to one the values of SCP are nearly identical.
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First CPV search in  decaysD+
(s) → K−K+K+
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The angle  of the UTγ
•The Unitarity Triangle (UT):


Geometrical representation of a requirement  
due to the unitarity of the CKM matrix

stringent tests of the SM 

•The angle  of the UT

directly measurable in tree-level decays with 
interference between  and  transitions

‣ Several time-independent methods:  with  

 mixture of  and  decaying to the same final state ( )


‣ Time-dependent methods: ,   
exploiting interference between mixing and decay


‣ Combination of measurements from many channels

Remarkable SM benchmark to be compared with  
indirect measurements involving loop-level transitions

γ

b → cW b → uW
B± → D(*)h(*)

D D0 D0 fD
B0 → D∓π± B0

s → D∓
s K±

γ ≡ arg (−
VudV*ub

VcdV*cb ) ≡ ϕ3

Today

Testing the SM with : the UTCP

4

Updates to the  
Unitary Triangle 

 global fits tomorrow! 
talk by M. Valli from  

the UTFit collaboration

• The SM encodes the  phenomena with 
a single complex phase in the CKM matrix

• The CKM matrix is unitary

CP

(CKM: a quick reminder�) 

* * *

* * *

* * *

1 0 0
0 1 0
0 0 1

ud cd td ud us ub

us cs ts cd cs cb

ub cb tb td ts tb
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1) Matrix to transform weak- and mass-eigenstates: 
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2) Matrix has imaginary numbers: 
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The angle  of the UT: generalitiesγ
•The  parameter is obtained combining 

 asymmetries and decay rates

Various methods depending on 

Charm decay parameters as external inputs

γ
CP

fD

Γ(B± → fDh±) ∝ r2
D + r2

B + 2rDrBRfD cos(δB + δd±γ)
−rDRfD(y cos δD − x sin δD) + (x2 + y2)/2
−rB[y cos(δB ± γ) + x sin(δB ± γ)]

Charm mixing

Coherence factor, , suppresses interference and reduces sensitivity0 < RfD < 1

Federico Betti on behalf of LHCb Implications workshop 2021 - 22/10/2021

Measuring γ

3

•  measured in tree-level decays sensitive to interference between  and 
  transition amplitudes


• Golden modes: 


• Various methods according to  final state

‣ GLW:  eigenstates (e.g. , )

‣ ADS: CF or DCS decays (e.g. )

‣ BPGGSZ: 3-body final states (e.g. )


• Time-dependent analyses of  are also used

γ b → cW
b → uW

B± → DK±

D
CP KK ππ

Kπ
K0

s ππ

B0
(s)

B−

D0K−

D0K−

fDK−

rDeiδD

rBei(δB−γ)

1

1

(y + ix)
t

2τ0
D

Golden mode: B± → fDK±

La Thuile, 8 March 2023 T. Pajero (Oxford)  |  CKM and CP violation measurements at LHCb

γ

γ

α

α

dm∆
Kε

Kε

sm∆ & dm∆

ubV

βsin 2

(excl. at CL > 0.95)
 < 0βsol. w/ cos 2

excluded at CL > 0.95
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βγ
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1.5
excluded area has CL > 0.95

Spring 21

CKM
f i t t e r

Direct measurements of the CKM angle γ

8

• The only CKM angle that can be measured from tree-level decays

• clean theoretical interpretation

fD h+
B+

D0h+rBei(δB+γ)

D0h+ rDeiδD

1

1

γ = arg( −
V*ubVud

V*cbVcd
)

 → h+ = π+ rB ≈ 0.005

rB ≈ 0.1

rD ≈ 0.06

fD = K−π+π−π+

h+ = K+

Γ(B± → fD h±) ∝ |rDeiδD + rBei(δB
±γ)|2

= r2
D + r2

B + 2RDrDrB cos(δB + δD
± γ)

coherence factor (0 < RD < 1), suppresses the interference due to 
variation of relative  strong phase in final stateD0 /D̄0

optimal size of interference term

Γ(B± → f̄D h±) ∝ 1 + r2
Dr2

B + 2RDrDrB cos(δB − δD
± γ)

Normalisation channels for background and efficiency determination

(y
+

ix
)

t

2
τ D

0

−rDRD(y cos δD − x sin δD) +
1

2
(x2 + y2)

−rB[y cos(δB
± γ) + x sin(δB

± γ)]

x ≡
Δm

Γ
, y ≡

ΔΓ

2Γ

Charm mixing parameters

larger BR, smaller interference

Charm mixing parameters

< 1 %
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 with  γ B± → [K∓π±π±π∓]D h±

•Superposition of Cabibbo-Favoured and 
Doubly-Cabibbo-Suppressed  decays


‣ , ,  


•Global , but in phase-space bins it is larger  
4 bins chosen according to LHCb amplitude analysis

increased sensitivity with binned measurement


•External inputs:

Hadronic  decay parameters from model-independent 
determinations by CLEO-c, BES-III, and LHCb

Charm mixing parameters by LHCb

First source of uncertainty now, but improvements are expected

‣ incoming  of  data

‣ LHCb measurement of charm mixing

D
B± → [K∓π±π±π∓]D h± B± → [K±π∓π∓π±]D h± Xb → D*+[D0π]μ−νμX

RK3π ≈ 0.4
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Figure 3: Invariant-mass distributions of OS B±
! DK± candidates, divided by the charge of

the B-hadron and phase-space bin. The results of the fit are overlaid.
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ACP ≈ 85 %
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−5.8−0.6−4.3)
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 (LHCb Run1+Run2): 
stat. syst. ext.
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Table 1: Definition of the four bins in terms of �̃K3⇡. The measured values of Ri
K3⇡ and �iK3⇡,

where i refers to the phase-space bin, are taken from Ref. [18], and combine measurements from
BESIII, CLEO-c and an LHCb analysis of charm mixing.

Bin Limits (�̃K3⇡) Ri
K3⇡ �iK3⇡

1 �180� < �̃K3⇡  � 39� 0.66 + 0.18
� 0.21

�
117 + 14

� 19

��

2 � 39� < �̃K3⇡  0� 0.85 + 0.14
� 0.21

�
145 + 23

� 14

��

3 0� < �̃K3⇡  43� 0.78 + 0.12
� 0.12

�
160 + 19

� 20

��

4 43� < �̃K3⇡  180� 0.25 + 0.16
� 0.25

�
288 + 15

� 29

��

where the amplitudes AD0(D0)( ) are evaluated using the models of Ref. [20]. The second
term ensures that the average is zero, as the models are insensitive to the absolute phase
di↵erence between the two amplitudes. A fifth veto bin, orthogonal to the other four,
is defined to capture the decays D0

! K0
S[⇡

+⇡�]K±⇡±, which are di�cult to separate
topologically from the D0

! K�⇡+⇡+⇡� final state when the D0 meson is produced
at rest, as is the case at the CLEO-c and BESIII experiments. This bin is defined by
either opposite-sign dipion pair being within 10MeV/c2 of the known K0

S mass [21], and
removes around 5% of signal candidates. The number of B ! Dh decays in each bin is
proportional to the rate given in Eq. 1, but with local coherence factors, denoted by Ri

K3⇡,
that are higher than the phase-space integrated value. The definitions of the four bins,
together with the measured values of the hadronic parameters obtained in Ref. [18] are
given in Table 1.

The observables used to determine � and related hadronic parameters are the ratios
of rates of OS-to-LS B±

! Dh± decays in each phase-space bin. These observables are
given in the ith bin by
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where the average ratio of D-decay amplitudes is denoted by riK3⇡. The e↵ects of charm
mixing are now included, in contrast with Eq. 1. This is governed by the parameters x
and y, both of which are smaller than 1% [15,22].

A complementary set of observables integrated over the phase space, including the
K0

S-veto bin, is also reported. These observables are the decay asymmetry Ah, defined
as the ratio of the di↵erence in B� and B+ yields to their sum, and the charge-averaged
OS-to-LS ratio, denoted by Rh. These inclusive observables allow for comparison with the
results of previous studies [16]. The decay asymmetry is also reported in each phase-space
bin, as it is expected to be approximately proportional to sin(�hB+�iK3⇡), and therefore has
a more intuitive evolution with the strong-phase di↵erence than the yield-ratio observables.
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LHCb combination for γ
•Combination of results from beauty and charm sectors


•Frequentist approach

‣ 52 parameters

‣ 173 observables

‣ Fit probability 80%


• Includes updated and new measurements

Federico Betti on behalf of LHCb Moriond EW 2023 - 20/03/2023

 + charm combinationγ

• Latest LHCb combination includes new and 
updated measurements of:

‣ 
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‣  in 


‣ , , ,  in 
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• Compatibility with indirect determinations

‣  CKMfitter


‣  UTFit

B± → [h±h′ ∓π0]Dh±

B± → [K∓π±π±π∓]Dh±

yCP D0 → h+h−

xCP yCP δx δy B → D0( → K0
s π+π−)μ−νμX

ACP(D0 → K−K+)
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−2.7)∘
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Figure 1: One dimensional profile likelihood scans of the 1 � CL distribution for � from the
combination using inputs from B0

s (light blue, dotted), B0 (orange, dot-dashed), B+ mesons
(red, dashed) and all species together (blue, solid).
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Figure 2: Two dimensional profile likelihood contours for (left) the charm mixing parameters x
and y, and (right) the rK⇡

D and �K⇡
D parameters. The blue contours (dashed) show the charm

only inputs, the orange (solid) contours show the result of this combination. Contours are drawn
out to 5� and contain 68.3%, 95.4%, 99.7%, etc. of the distribution.

majority of systematic uncertainties are expected to reduce with additional data. The
correlations between systematic uncertainties from statistically independent measurements
are currently neglected, as this e↵ect is expected to be smaller than 1�.
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Syst. Uncertainty ~ 1%
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 with γ B± → [h+h−π+π−]D h′ ∓

•First study of CPV in 



•LHCb Run1+Run2 data

‣ Not included in LHCb combination yet


• Integrated analysis for both 
 and  

final states


•Also binned analysis for 

Charm decay parameters 
from LHCb amplitude analysis 

Precision will improve and value may 
change after charm model-independent 
measurements

B± → [K+K−π+π−]Dh±

K+K−π+π− π+π−π+π−

K+K−π+π−

[JHEP 02 (2019) 126]

La Thuile, 8 March 2023 T. Pajero (Oxford)  |  CKM and CP violation measurements at LHCb

Measurement of  with γ B∓ → [h+h−π+π−]D h′ ∓

13
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−14)
◦ (3σ agreement with previous 

LHCb determinations using  
other channels)

Uncertainty from external measurements of the 
charm hadronic parameters equal to the statistical 
uncertainty. 
 
Precision will improve (and value might change)  
after ongoing BES-III model-independent  
measurement

CP -violating observable Fit results

AKKππ

K 0.093 ± 0.023 ± 0.002
AKKππ

π
−0.009 ± 0.006 ± 0.001

Aππππ

K 0.060 ± 0.013 ± 0.001
Aππππ

π
−0.0082± 0.0031± 0.0007

RKKππ

CP 0.974 ± 0.024 ± 0.015
Rππππ

CP 0.978 ± 0.014 ± 0.010

Phase-space integrated results:
arXiv:2301.10328
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Figure 4: Fractional bin asymmetries for the (left) B± ! DK± and (right) B± ! D⇡± decays.
The data are overlaid with the fit result and the prediction without CP violation.
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Figure 5: Total bin yields for the (left) B± ! DK± and (right) B± ! D⇡± decays. The data
are overlaid with the fit projections.

such behaviour is seen. The hypothesis that the fit model is correct leads to p-values of
0.95 and 0.05 for the left and right histograms in Fig. 4 respectively, based on statistical
uncertainties only.

The total bin yields N�
i +N+

�i are also shown in Fig. 5, where the sum over all bins is
normalised to unity. The predictions from the fit results are also plotted, and reasonable
agreement is found. Pseudoexperiments indicate that the p-values of the two histograms in
Fig. 5 are highly correlated, and their combined p-value is 0.04, accounting for statistical
uncertainties only.

To determine the phase-space integrated CP -violating observables, an analogous fit is
performed without phase-space binning. The yields of the B± ! [K+K�⇡+⇡�]Dh± and
B± ! [⇡+⇡�⇡+⇡�]Dh± modes, split by charge, are expressed in terms of the CP -violating
observables and fitted simultaneously. The shape parameters of the signal and background
contributions are common fit parameters between the two D-decay channels. The fits to
the invariant-mass distributions for the B± candidates are shown in Figs. 6 and 7, split
by B decay, D decay and charge, and the resulting CP -violating observables are listed in
Table 4. These results are corrected for production asymmetries of the B± mesons and
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Figure 7: Invariant-mass distributions and fit projections of (top) B± ! [⇡+⇡�⇡+⇡�]DK± and
(bottom) B± ! [⇡+⇡�⇡+⇡�]D⇡± candidates, for (left) B+ and (right) B� decays. The data
are shown as black points and the blue curve is the fit result.

7 Systematic uncertainties

The systematic uncertainties in the binned measurement are summarised in Table 5. The
uncertainties arise both from contributions that are internal to the analysis, and also from
external knowledge of the ci and si parameters.

The uncertainty associated with the fixed invariant-mass shapes are propagated to the
CP -violating observables by repeating the two-stage fit procedure with di↵erent choices
of shape. For each iteration, the shape parameters that are fixed in the global fit are
changed to new values obtained with a resampling technique and the global fit is rerun.
The other shape parameters that are determined from this fit are then input to the
binned fit, which is otherwise unchanged from the baseline configuration. The standard
deviations of the resulting distributions of the CP -violating observables are assigned as
the systematic uncertainty due to fixed mass shapes. Furthermore, to assess the impact
of any bin-dependence of the mass shapes, the mass shapes are determined separately in
each bin and pseudoexperiments are generated with individual mass shapes in each bin.
The shifts in the central values are taken as the corresponding systematic uncertainty.

The uncertainties on the PID e�ciencies are propagated to xDK
± , yDK

± , xD⇡
⇠ and yD⇡

⇠

by repeating the fit to the CP -violating observables, each time varying the parameters
within their uncertainties. The same procedure is followed to assign the uncertainty
associated with the relative contributions of the di↵erent components of the low-mass
partially reconstructed background. Similarly, for the charmless background, the yields
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7 Systematic uncertainties

The systematic uncertainties in the binned measurement are summarised in Table 5. The
uncertainties arise both from contributions that are internal to the analysis, and also from
external knowledge of the ci and si parameters.

The uncertainty associated with the fixed invariant-mass shapes are propagated to the
CP -violating observables by repeating the two-stage fit procedure with di↵erent choices
of shape. For each iteration, the shape parameters that are fixed in the global fit are
changed to new values obtained with a resampling technique and the global fit is rerun.
The other shape parameters that are determined from this fit are then input to the
binned fit, which is otherwise unchanged from the baseline configuration. The standard
deviations of the resulting distributions of the CP -violating observables are assigned as
the systematic uncertainty due to fixed mass shapes. Furthermore, to assess the impact
of any bin-dependence of the mass shapes, the mass shapes are determined separately in
each bin and pseudoexperiments are generated with individual mass shapes in each bin.
The shifts in the central values are taken as the corresponding systematic uncertainty.

The uncertainties on the PID e�ciencies are propagated to xDK
± , yDK

± , xD⇡
⇠ and yD⇡

⇠

by repeating the fit to the CP -violating observables, each time varying the parameters
within their uncertainties. The same procedure is followed to assign the uncertainty
associated with the relative contributions of the di↵erent components of the low-mass
partially reconstructed background. Similarly, for the charmless background, the yields
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7 Systematic uncertainties

The systematic uncertainties in the binned measurement are summarised in Table 5. The
uncertainties arise both from contributions that are internal to the analysis, and also from
external knowledge of the ci and si parameters.

The uncertainty associated with the fixed invariant-mass shapes are propagated to the
CP -violating observables by repeating the two-stage fit procedure with di↵erent choices
of shape. For each iteration, the shape parameters that are fixed in the global fit are
changed to new values obtained with a resampling technique and the global fit is rerun.
The other shape parameters that are determined from this fit are then input to the
binned fit, which is otherwise unchanged from the baseline configuration. The standard
deviations of the resulting distributions of the CP -violating observables are assigned as
the systematic uncertainty due to fixed mass shapes. Furthermore, to assess the impact
of any bin-dependence of the mass shapes, the mass shapes are determined separately in
each bin and pseudoexperiments are generated with individual mass shapes in each bin.
The shifts in the central values are taken as the corresponding systematic uncertainty.

The uncertainties on the PID e�ciencies are propagated to xDK
± , yDK
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by repeating the fit to the CP -violating observables, each time varying the parameters
within their uncertainties. The same procedure is followed to assign the uncertainty
associated with the relative contributions of the di↵erent components of the low-mass
partially reconstructed background. Similarly, for the charmless background, the yields
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7 Systematic uncertainties

The systematic uncertainties in the binned measurement are summarised in Table 5. The
uncertainties arise both from contributions that are internal to the analysis, and also from
external knowledge of the ci and si parameters.

The uncertainty associated with the fixed invariant-mass shapes are propagated to the
CP -violating observables by repeating the two-stage fit procedure with di↵erent choices
of shape. For each iteration, the shape parameters that are fixed in the global fit are
changed to new values obtained with a resampling technique and the global fit is rerun.
The other shape parameters that are determined from this fit are then input to the
binned fit, which is otherwise unchanged from the baseline configuration. The standard
deviations of the resulting distributions of the CP -violating observables are assigned as
the systematic uncertainty due to fixed mass shapes. Furthermore, to assess the impact
of any bin-dependence of the mass shapes, the mass shapes are determined separately in
each bin and pseudoexperiments are generated with individual mass shapes in each bin.
The shifts in the central values are taken as the corresponding systematic uncertainty.

The uncertainties on the PID e�ciencies are propagated to xDK
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± , xD⇡
⇠ and yD⇡

⇠

by repeating the fit to the CP -violating observables, each time varying the parameters
within their uncertainties. The same procedure is followed to assign the uncertainty
associated with the relative contributions of the di↵erent components of the low-mass
partially reconstructed background. Similarly, for the charmless background, the yields
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Figure 6: Invariant-mass distributions and fit projections of (top) B± ! [K+K�⇡+⇡�]DK±

and (bottom) B± ! [K+K�⇡+⇡�]D⇡± candidates, for (left) B+ and (right) B� decays. The
data are shown as black points and the blue curve is the fit result.

detection asymmetries of the companion hadron, using values reported in Ref. [7]. The
measured values of the observables of the B± ! [⇡+⇡�⇡+⇡�]Dh± mode are consistent
with those reported in Ref. [4].

Table 4: Results of the phase-space integrated measurements. For the CP -violating observables,
the first uncertainty is statistical and the second systematic.

CP -violating observable Fit results

AKK⇡⇡
K 0.093 ± 0.023 ± 0.002

AKK⇡⇡
⇡ �0.009 ± 0.006 ± 0.001

A⇡⇡⇡⇡
K 0.060 ± 0.013 ± 0.001

A⇡⇡⇡⇡
⇡ �0.0082± 0.0031± 0.0007

RKK⇡⇡
CP 0.974 ± 0.024 ± 0.015

R⇡⇡⇡⇡
CP 0.978 ± 0.014 ± 0.010
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data are shown as black points and the blue curve is the fit result.

detection asymmetries of the companion hadron, using values reported in Ref. [7]. The
measured values of the observables of the B± ! [⇡+⇡�⇡+⇡�]Dh± mode are consistent
with those reported in Ref. [4].

Table 4: Results of the phase-space integrated measurements. For the CP -violating observables,
the first uncertainty is statistical and the second systematic.

CP -violating observable Fit results

AKK⇡⇡
K 0.093 ± 0.023 ± 0.002

AKK⇡⇡
⇡ �0.009 ± 0.006 ± 0.001
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K 0.060 ± 0.013 ± 0.001
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detection asymmetries of the companion hadron, using values reported in Ref. [7]. The
measured values of the observables of the B± ! [⇡+⇡�⇡+⇡�]Dh± mode are consistent
with those reported in Ref. [4].

Table 4: Results of the phase-space integrated measurements. For the CP -violating observables,
the first uncertainty is statistical and the second systematic.

CP -violating observable Fit results

AKK⇡⇡
K 0.093 ± 0.023 ± 0.002
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⇡ �0.009 ± 0.006 ± 0.001
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detection asymmetries of the companion hadron, using values reported in Ref. [7]. The
measured values of the observables of the B± ! [⇡+⇡�⇡+⇡�]Dh± mode are consistent
with those reported in Ref. [4].

Table 4: Results of the phase-space integrated measurements. For the CP -violating observables,
the first uncertainty is statistical and the second systematic.

CP -violating observable Fit results

AKK⇡⇡
K 0.093 ± 0.023 ± 0.002

AKK⇡⇡
⇡ �0.009 ± 0.006 ± 0.001

A⇡⇡⇡⇡
K 0.060 ± 0.013 ± 0.001

A⇡⇡⇡⇡
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Motivation 

• CP violation observables from flavor-tagged time-dependent  angular analysis  
Ø CP violating phase ��,�

��� and direct CP violation parameter �� = | ��
��

| 
Ø SM predictions: ��,� 

��� ≈ 0  and �� ≈ 1 for � = 0,   ⊥ ,   ∥
Ø Polarization-independent fit: common ��

��� and � for different Polarization

• ��
0 → �� is a golden channel to study CP 

violation in � → � decays
Ø Tiny CP violation expected in the SM
Ø Sensitive to NP in ��

0 mixing and � → � decay

• Pol-independent  results with Run 1 and 2015+2016 data  [JHEP 12 (2019) 155]

• Blind analysis with full Run 2 data, and make a combination with Run 1 results

2

13

 violation in CP B0
s → ϕϕ

•Motivations: 
The SM predicts CPV to be suppressed in this channel

Any CPV enhancement would point to new physics 
in the  mixing or in the penguin-mediated  decay


•Caveat: angular analysis needed to disentangle the 
three polarisation states of the  decays 

‣ (0, CP even), (||, CP even), ( , CP odd)


•Target  observables: ,  
The SM predicts no dependance  
of the  observables on the polarisation

‣  phase:  


‣ Direct  violation parameter: 

B0
s b → s

B → VV
⊥

CP ϕs,i |λi |

CP
CP ϕi = ϕss̄s

s ≈ 0
CP |λi | = |Ai/Ai | = |λ | ≈ 1

No CPV in mixing

λi ≡ ηi
q
p

Ai

Ai
= |λi|e−iϕs,i

|B0
s,H(L)⟩ = |B0

s ⟩ p ± |B0
s⟩ q

Ai = ⟨ fi|HW|B0
s ⟩

Ai = ⟨ fi|HW|B0
s⟩

i ∈ { 0, ∥ , ⊥ }

η0,∥(⊥) = ± 1

Analysis method 

• An angular analysis is needed to disentangle 
three polarization states of � → �� decays: 
Ø Longitudinal (0, CP even), parallel (∥, CP even) 

and perpendicular (⊥, CP odd)  

3

• For each CP eigenstate ��,  determine CPV phase �� and direct CPV 
parameter|��| in the time-dependent CP asymmetry

���,� � ≡
Γ � → ��  � − Γ �→ ��  � 
Γ � → ��  � + Γ �→ ��  � 

  =
−��cos Δ�� + ��sin Δ��

cosh
ΔΓ�
2 −��sinh

ΔΓ�
2

�� =
1−|��|2

1+|��|2
 , �� =

2ℑ��
1+|��|2

, �� =
2ℜ��

1+|��|2
 �� ≡ ��

�
�
 
���

���

= |��|�−��� 

• Key analysis steps 
Ø Flavour tagging calibration and time resolution calibration
Ø Modelling of angular acceptance and decay time acceptance   

χ

[LHCb-PAPER-2023-001-002]

[PRL 89 (2002) 231803][Nucl. Phys. B 774 (2007) 64] [arXiv:0810.0249]
[PRD 80 (2009) 114026] [Nucl. Phys. B 935 (2018) 17][PRD 96 (2017) 073004]

https://cds.cern.ch/record/2852424/files/LHCb-PAPER-2023-001.pdf
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 violation in CP B0
s → ϕϕ

•Data: 
Run2 data ( )

Results are then combined with Run1 
measurements (additional )


•Strategy:

1. Invariant-mass fit to subtract 

 the background

2. Flavour-tagged fit to decay time  

and helicity angles to get the  observables 
[details in the backup]


•Main experimental challenges: 
Decay-time resolution (  )

Flavour-tagging power ( )

Their calibration
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Figure 1: (a) Mass distribution of the B0
s ! �� candidates, superimposed by the fit projections.

(b-d) Background-subtracted distributions of angular variables and decay time, superimposed by
the fit projections. Here cos ✓ is randomly chosen from cos ✓1 and cos ✓2. The angles ✓1, ✓2 and
� are defined in the text.

distribution, a signal weight is assigned to each candidate using the sPlot method [37].93

These signal weights are used in the subsequent maximum likelihood fit [38] to the94

decay-time and angular distributions in order to statistically subtract the background95

contribution.96

The decay of a B0
s meson to the K+K�K+K� final state can proceed via the ��, �f097

and f0f0 intermediate states. Due to the small phase space of the decay f0 ! K+K�
98

and the narrow K+K� mass window used to select the � candidates, the latter two99

contributions are highly suppressed and found to be negligible from an angular fit that100

accounts for these contributions. Thus in the subsequent analysis, only the B0
s ! �� decay101

is considered. The di↵erential decay rate is written as the sum of six terms, corresponding102

to contributions from the three polarization states and their interferences,103

d4�(t, ~⌦)

dtd~⌦
/

6X

k=1

hk(t)fk(~⌦) , (1)

where t is the decay time of the B0
s meson, and ~⌦ = (✓1, ✓2,�) denotes the helicity angles104

of the two K+ mesons in the corresponding � rest frame and the angle between the two105

� ! K+K� decay planes. The angular functions fk(~⌦) are defined in Ref. [18]. The106

3

15.8k

[LHCb-PAPER-2023-001-002]

Preliminary Preliminary

Preliminary Preliminary

Helicity angles ( , ) defined in the previous slideχ θ
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 violation in CP B0
s → ϕϕ

No evidence of CPV  
in both the polarisation-independent  
and the polarisation-dependent analyses

�s,0 = �0.18± 0.09 rad , |�0| = 1.02± 0.17 ,

�s,k � �s,0 = 0.12± 0.09 rad , |�?/�0| = 0.97± 0.22 , (4)

�s,? � �s,0 = 0.17± 0.09 rad , |�k/�0| = 0.78± 0.21 ,

where the uncertainties are statistical only. No significant di↵erence of CP violation240

between di↵erent polarization states is observed.241

In conclusion, a measurement of the polarization-independent CP -violation observables242

in B0
s ! �� decays is performed using data collected with the LHCb detector in 2015–2018,243

corresponding to a total integrated luminosity of 6 fb�1. The results are244

�sss
s = �0.042± 0.075± 0.009 rad ,

|�| = 1.004± 0.030± 0.009 ,
(5)

where the first uncertainties are statistical and the second systematic. These results are245

combined with the LHCb measurements based on data taken in 2011 and 2012 to obtain246

�sss
s = �0.074± 0.069 rad and |�| = 1.009± 0.030. This is the most precise measurement247

of time-dependent CP asymmetry in the decay B0
s ! �� and in any penguin-dominated248

B meson decay. The measurement is consistent with and supersedes the measurement in249

Ref. [18], and agrees with the SM expectation of tiny CP violation. For the first time, the250

polarization-dependent CP -violation parameters are measured, which show no significant251

di↵erence between the three polarization states of B0
s ! �� decays. These results can be252

used to constrain new physics contributions in b ! s transitions [12–14].253

Acknowledgements254

We express our gratitude to our colleagues in the CERN accelerator departments for the255

excellent performance of the LHC. We thank the technical and administrative sta↵ at the256

LHCb institutes. We acknowledge support from CERN and from the national agencies:257

CAPES, CNPq, FAPERJ and FINEP (Brazil); MOST and NSFC (China); CNRS/IN2P3258

(France); BMBF, DFG and MPG (Germany); INFN (Italy); NWO (Netherlands); MNiSW259

and NCN (Poland); MEN/IFA (Romania); MSHE (Russia); MICINN (Spain); SNSF260

and SER (Switzerland); NASU (Ukraine); STFC (United Kingdom); DOE NP and NSF261

(USA). We acknowledge the computing resources that are provided by CERN, IN2P3262

(France), KIT and DESY (Germany), INFN (Italy), SURF (Netherlands), PIC (Spain),263

GridPP (United Kingdom), RRCKI and Yandex LLC (Russia), CSCS (Switzerland),264

IFIN-HH (Romania), CBPF (Brazil), PL-GRID (Poland) and NERSC (USA). We are265

indebted to the communities behind the multiple open-source software packages on which266

we depend. Individual groups or members have received support from ARC and ARDC267

(Australia); Minciencias (Colombia); AvH Foundation (Germany); EPLANET, Marie268

Sk lodowska-Curie Actions and ERC (European Union); A*MIDEX, ANR, IPhU and269
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Labex P2IO, and Région Auvergne-Rhône-Alpes (France); Key Research Program of270

Frontier Sciences of CAS, CAS PIFI, CAS CCEPP, Fundamental Research Funds for the271

Central Universities, and Sci. & Tech. Program of Guangzhou (China); RFBR, RSF272

and Yandex LLC (Russia); GVA, XuntaGal and GENCAT (Spain); SRC (Sweden); the273

Leverhulme Trust, the Royal Society and UKRI (United Kingdom).274

8

Run1+Run2
Most precise measurement  

of time-dependent CPV 
in penguin-dominated decays 

 of neutral B mesons
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Conclusions
•LHCb Run2 data have been providing remarkable insights  

in both the charm and beauty CPV sectors

First evidence of CPV in charm in a single decay channel ( )

New search for local CPV in charm multi-body decays

Uncertainty on  already below 

‣ Further improvements are expected with other decay modes  

and better knowledge of charm hadronic parameters

Precise CPV measurements in penguin-dominated  decays


•LHCb Upgrade I is expected to improve the measurements in Run3

Higher integrated luminosity

Removal of hardware trigger 

‣ Higher trigger efficiency, smaller detection asymmetries

3.8σ

γ 4∘

B0
s

News of the  
last 6 months
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The LHCb experiment
•LHCb is a forward spectrometer, operating at LHC ( )


High geometrical in collecting  and  quark pairs

Excellent decay-time resolution, momentum resolution, PID performances

s = 13 TeV

bb cc

∼10 m

∼20 m

Interaction
Region

[JINST 3 S08005]
[Int. J. Mod. Phys. A 30 (2015)1530022]

https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227
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: yields and systematicsACP(D0 → K+K−)
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+ [10�4] CD+
s
[10�4] Corr.

Fit model 1.1 1.0 0.05

Peaking backgrounds 0.3 0.4 0.74

Secondary decays 0.6 0.3 –

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

neutral-kaon decay time. The parameter is determined by fitting the charge asymmetry
in D+

! K0⇡+ decays as a function of the K0 decay time. This is done using a control
sample where the neutral kaon decays outside the vertex detector. The parameter is found
to be consistent with zero. Its uncertainty is propagated to the K0 lifetimes relevant
for ACP (K�K+) and assigned as systematic uncertainty. The resulting, fully correlated,
systematic uncertainties are 0.6⇥ 10�4 and 1.3⇥ 10�4 for the CD+ and CD+

s
procedures,

respectively.
In the CD+

s
procedure, D+

s ! K�K+⇡+ decay modes other than D+
s ! �⇡+ may break

the symmetry between the K� and K+ meson kinematic distributions. This leads to a bias
in the measured asymmetry due to the momentum-dependent instrumental asymmetry of
the kaon. This e↵ect is estimated by combining the two momentum distributions with the
expected charged-kaon asymmetry from simulation. The resulting systematic uncertainty
is 1.0⇥ 10�4.

All individual contributions are summed in quadrature to give the total systematic
uncertainties of 1.6⇥ 10�4 and 2.0⇥ 10�4 for the CD+ and CD+

s
procedures, respectively.

A summary of all systematic uncertainties is shown in Table 2.
Numerous additional checks are carried out. The measurements of ACP (K�K+) are

verified to not depend on the decay time, the transverse momentum and the pseudorapidity
of the D0 meson; the decay time and the pseudorapidity of the K0 meson; and the IP
significance of the final-state particles with respect to all the PVs in the event of the
control modes. The IP significance is defined as the di↵erence between the �2 of the PV
reconstructed with and without the considered particle. Furthermore, the total sample
is split by di↵erent data-taking periods, also distinguishing di↵erent magnet polarities.
Splitting into subsamples based on the trigger configuration is also considered. The p-
values under the hypothesis of no dependencies of ACP (K�K+) on the various variables are
found to be uniformly distributed. Checks using alternative PID requirements and trigger
selections are performed, and all variations of ACP (K�K+) are found to be compatible
within statistical uncertainties. The resulting values for ACP (K�K+) for both calibration

6

procedures are

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

CD+
s
: ACP (K

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

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

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

consistent with the previous LHCb results [54, 56]. Assuming that CP is conserved in
mixing and in the interference between decay and mixing, the comparison of the result
reported here with the current world average [57] gives a compatibility of 1.3 standard
deviations.

A combination of all the time-integrated CP asymmetries measured by the LHCb
collaboration to date is performed, under the hypothesis that the time-dependent CP
violation term in Eq. 2 is final-state independent, i.e. �YK�K+ = �Y⇡�⇡+ = �Y . The
combination includes the previous LHCb measurements of ACP (K�K+) [54, 56] and
�ACP [13,49,54] as well as the current LHCb average of �Y [39], the world average of the
D0 lifetime [48] and the values of reconstructed mean decay times for the D0

! K�K+

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

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

adK�K+ = ( 7.7± 5.7)⇥ 10�4,

ad⇡�⇡+ = (23.2± 6.1)⇥ 10�4,

where the uncertainties include systematic and statistical contributions with a correlation
coe�cient of 0.88. Figure 2 shows the central values and the confidence regions in
the (adK�K+ , ad⇡�⇡+) plane for this combination and the one realized with data collected
between 2010 and 2012 [49,54,56,58,59]. The two combinations are based on an integrated
luminosity of 8.7 fb�1 and 3.0 fb�1, respectively.

The direct CP asymmetries deviate from zero by 1.4 and 3.8 standard deviations for
D0

! K�K+ and D0
! ⇡�⇡+ decays, respectively. This is the first evidence for direct

CP violation in the D0
! ⇡�⇡+ decay. U -spin symmetry implies adK�K+ + ad⇡�⇡+ = 0 [60].

A value of adK�K+ + ad⇡�⇡+ = (30.8± 11.4)⇥ 10�4 has been found, corresponding to a
departure from U -spin symmetry of 2.7 standard deviations.

In summary, this Letter reports the most precise measurement of the time-integrated
CP asymmetry in the D0

! K�K+ decay to date. A combination with the previous
LHCb measurements shows the first evidence of direct CP asymmetry in an individual
charm meson decay. These results will help to clarify the theoretical understanding of
whether the observed CP violation in neutral charm meson decays is consistent with the
SM, or an indication of the existence of new dynamics.

7
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: yieldsACP(D0 → K+K−)
Table 1: Signal yields and statistical reduction factors arising from the kinematic weighting of

the sample for the various decay modes and both calibration procedures.

Decay mode Signal yield [106] Red. factor

CD+ CD+
s

CD+ CD+
s

D0
! K�K+ 37 37 0.75 0.75

D0
! K�⇡+ 58 56 0.35 0.75

D+
! K�⇡+⇡+ 188 – 0.25 –

D+
! K0⇡+ 6 – 0.25 –

D+
s ! �⇡+ – 43 – 0.55

D+
s ! K0K+ – 5 – 0.70

individual ACP (K�K+) values per subsample are found to be in agreement, with a p-value
of 0.85 and 0.22 for the CD+ and CD+

s
methods, respectively. Finally, the measurements

in each subsample are averaged to obtain the final result for each procedure.
Several sources of systematic uncertainties are considered. The systematic uncertainty

related to the description of signal and background in the invariant-mass distributions
is evaluated by generating pseudoexperiments according to the baseline fit models, and
fitting alternative models to those samples. A fit-independent approach is also considered,
based on a sideband subtraction. Systematic uncertainties of 1.1⇥ 10�4 and 1.0⇥ 10�4

are assigned for the CD+ and CD+
s
procedures, with a correlation of 0.05.

A systematic uncertainty associated to the presence of background components peaking
in m(D0⇡) and not in m(K�K+) is determined by fitting the latter distribution in the
D0

! K�K+ samples. Various backgrounds are modeled using fast simulation [55]. The
main sources are D0

! K�⇡+⇡0 and D0
! K�e+⌫e decays. A similar study is performed

on the D0
! K�⇡+ decay sample, where the peaking-background contributions are found

to be negligible. As a result, the values 0.3⇥10�4 and 0.4⇥10�4 are assigned as systematic
uncertainties for the CD+ and CD+

s
calibration procedures, respectively, with a correlation

coe�cient of 0.74.
Although suppressed by the stringent requirement on the IP, a fraction of D mesons

from b-hadron decays is still present in the final sample. As the di↵erent decay modes
may have di↵erent levels of contamination, the value of ACP (K�K+) may be a↵ected by
an incomplete cancellation of the production asymmetries of b-hadrons. The contributions
from b-hadron decays in data are estimated by fitting the IP distribution of charm mesons
using shapes obtained from simulation. The corresponding systematic uncertainties are
estimated to be 0.6⇥ 10�4 and 0.3⇥ 10�4 for the CD+ and CD+

s
calibration procedures,

respectively, with a negligible correlation between them.
Any residual disagreement between the kinematic distributions among the various decay

modes leads to an imperfect cancellation of the nuisance asymmetries. The systematic
uncertainties related to this e↵ect are estimated to be 0.8⇥ 10�4 and 0.4⇥ 10�4 for the
CD+ and CD+

s
procedures, respectively, with a negligible correlation.

To test the accuracy of the estimated value for A(K0), a linear term with one free
parameter is introduced in the model that describes the dependence of A(K0) on the

5
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 with : yieldsγ B± → [h+h−π+π−]D h′ ∓Table 2: Yields of B± ! DK± and B± ! D⇡± candidates, partially reconstructed background,
D ! K�⇡+⇡�⇡+⇡0 background, combinatorial background and charmless background in the
region mB 2 [5249, 5309]MeV/c2, where the charm meson decays via D ! K+K�⇡+⇡� and
D ! ⇡+⇡�⇡+⇡�.

Reconstructed as:
D decay Component B± ! DK± B± ! D⇡±

D ! K+K�⇡+⇡� B± !DK± 3026± 38 142± 2
B± !D⇡± 240± 1 44349± 218

Partially reconstructed bkg 87± 1 27± 1
D ! K⌥⇡±⇡�⇡+⇡0 44± 13 580± 168
Combinatorial bkg 460± 23 1820± 193
Charmless bkg 189 (fixed) N/A

D ! ⇡+⇡�⇡+⇡� B± !DK± 8676± 105 386± 5
B± !D⇡± 676± 2 126322± 386

Partially reconstructed bkg 256± 2 81± 4
Combinatorial bkg 1344± 27 4172± 90
Charmless bkg 688 (fixed) N/A

The signal yields, obtained from the invariant-mass fit, integrated over all phase-space
bins, are given in Table 2. The yields are scaled from the full fit region to the signal region
mB 2 [5249, 5309]MeV/c2. The uncertainties on the B± ! DK± yields are reduced due
to the common ratio determined from both the D ! K+K�⇡+⇡� and D ! ⇡+⇡�⇡+⇡�

decay modes.
After the global invariant-mass fit, a second fit is performed where the B± ! DK± and

B± ! D⇡± candidates are split by charge and sorted into bins of phase space, which makes
a total of 2⇥ 2⇥ 16 = 64 categories. The lower fit boundary is increased to 5150MeV/c2

to remove most of the partially reconstructed background. The shape parameters and
relative yields of the di↵erent background components are fixed from the global fit. The
signal yields in each bin are parameterised in terms of the CP -violating observables, which
are free parameters in the fit. The Fi parameters are also free parameters, while the
strong-phase parameters ci and si are fixed according to the LHCb amplitude model.

In each bin, the yield of combinatorial background and partially reconstructed back-
ground are free parameters, with the exception of the B0

s ! D0K�⇡+ contamination (and
charge-conjugated case), which is treated separately because the charm meson has the
flavour opposite to the signal decay and the other partially reconstructed background
contributions. In B� (B+) decays, the fractional bin yield of the B0

s (B0
s) background

is therefore set equal to F�i (Fi). In simulation, the D ! K⌥⇡±⇡�⇡+⇡0 decays are
uniformly distributed in the D ! K+K�⇡+⇡� phase space. Therefore, the distribution
of D ! K⌥⇡±⇡�⇡+⇡0 decays between phase space bins is assumed to be proportional to
the bin volume, given in Table 1. The distribution of the charmless background between
phase-space bins is determined from the lower D-mass sideband.

Fit biases and instabilities in the fit are studied by performing pseudoexperiments.
The pull distributions of xDK

± and yDK
± are found to be consistent with a normal Gaussian

distribution. The results for xD⇡
⇠ and yD⇡

⇠ show biases of up to 7% and widths that show
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Figure 4: Fractional bin asymmetries for the (left) B± ! DK± and (right) B± ! D⇡± decays.
The data are overlaid with the fit result and the prediction without CP violation.
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Figure 5: Total bin yields for the (left) B± ! DK± and (right) B± ! D⇡± decays. The data
are overlaid with the fit projections.

such behaviour is seen. The hypothesis that the fit model is correct leads to p-values of
0.95 and 0.05 for the left and right histograms in Fig. 4 respectively, based on statistical
uncertainties only.

The total bin yields N�
i +N+

�i are also shown in Fig. 5, where the sum over all bins is
normalised to unity. The predictions from the fit results are also plotted, and reasonable
agreement is found. Pseudoexperiments indicate that the p-values of the two histograms in
Fig. 5 are highly correlated, and their combined p-value is 0.04, accounting for statistical
uncertainties only.

To determine the phase-space integrated CP -violating observables, an analogous fit is
performed without phase-space binning. The yields of the B± ! [K+K�⇡+⇡�]Dh± and
B± ! [⇡+⇡�⇡+⇡�]Dh± modes, split by charge, are expressed in terms of the CP -violating
observables and fitted simultaneously. The shape parameters of the signal and background
contributions are common fit parameters between the two D-decay channels. The fits to
the invariant-mass distributions for the B± candidates are shown in Figs. 6 and 7, split
by B decay, D decay and charge, and the resulting CP -violating observables are listed in
Table 4. These results are corrected for production asymmetries of the B± mesons and

12
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 with : systematicsγ B± → [h+h−π+π−]D h′ ∓

Table 5: Uncertainties on the results of the binned analysis.

Uncertainty (⇥102)

Source xDK
� yDK

� xDK
+ yDK

+ xD⇡
⇠ yD⇡

⇠

Mass shape 0.02 0.02 0.03 0.06 0.02 0.04
Bin-dependent mass shape 0.11 0.05 0.10 0.19 0.68 0.16
PID e�ciency 0.02 0.02 0.03 0.06 0.02 0.04
Low-mass background model 0.02 0.02 0.03 0.04 0.02 0.02
Charmless background 0.14 0.15 0.12 0.14 0.01 0.02
CP violation in low-mass background 0.01 0.10 0.08 0.12 0.07 0.26
Semi-leptonic b-hadron decays 0.05 0.27 0.06 0.01 0.07 0.19
Semi-leptonic charm decays 0.02 0.07 0.03 0.15 0.06 0.24
D ! K⌥⇡±⇡+⇡� background 0.11 0.05 0.07 0.04 0.09 0.05
⇤0

b ! pD⇡� background 0.01 0.25 0.14 0.04 0.06 0.34
D ! K⌥⇡±⇡+⇡�⇡0 background 0.30 0.05 0.19 0.07 0.05 0.01
Fit bias 0.06 0.05 0.13 0.02 0.06 0.13

Total LHCb systematic 0.37 0.43 0.34 0.32 0.70 0.57

ci, si 0.35 3.64 1.74 1.29 0.14 1.10

Total systematic 0.51 3.67 1.78 1.33 0.72 1.24

Statistical 2.87 3.40 2.51 3.05 4.24 5.17

very similar between the B± ! DK± and B± ! D⇡± modes, the B± ! D⇡± mode
provides a first order correction that is incorporated into the Fi parameters.

The systematic uncertainties on the phase-space integrated observables are shown in
Table 6. They are evaluated using the same strategy as those in the binned analysis.
In addition, there are systematic uncertainties due to the production and detection
asymmetries, which are estimated by repeating the fit many times, each time varying
the parameters randomly within their uncertainties [7], and taking the spreads of the
resulting distributions as the assigned uncertainties. The total systematic uncertainties
for the asymmetries are an order of magnitude smaller than the statistical uncertainties,
and of a similar size for the ratio observables.

Correlation matrices for all the measured observables can be found in Appendix B.

8 Interpretation

The measured CP -violating observables in Table 3 are interpreted in terms of the underlying
physics parameters �, �DK

B , rDK
B , �D⇡

B and rD⇡
B using a maximum likelihood fit, following

the procedure described in Ref. [20].
The fit is first made to the results of the B± ! [K+K�⇡+⇡�]Dh± binned analysis

alone. The 1 and 2� contours in the � vs. �DK
B and the rDK

B vs. �DK
B planes are shown in

16

Table 6: Uncertainties on the results of the phase-space integrated analysis.

Uncertainty (⇥103)

Source AKK⇡⇡
K AKK⇡⇡

⇡ A⇡⇡⇡⇡
K A⇡⇡⇡⇡

⇡ RKK⇡⇡
CP R⇡⇡⇡⇡

CP

Charmless background 1.2 < 0.1 0.4 < 0.1 13.9 8.5
External parameters 1.0 0.7 1.0 0.7 4.0 4.0
Fixed yield fractions 0.1 < 0.1 0.1 < 0.1 1.3 1.4
Mass shape 0.3 < 0.1 0.2 < 0.1 3.1 3.1
PID e�ciency 0.1 < 0.1 0.1 < 0.1 2.5 1.6

Total systematic 1.6 0.7 1.1 0.7 15.1 10.1

Statistical 23.5 5.5 13.3 3.1 24.2 14.3

Fig. 8. The numerical results are

� = (116+12
�14)

�,

�DK
B = (81+14

�13)
�,

rDK
B = 0.110+0.020

�0.020,

�D⇡
B = (298+62

�118)
�,

rD⇡
B = 0.0041+0.0054

�0.0041,

where the uncertainties are the combined statistical and systematic uncertainties. These
model-dependent results may be compared to those from a recent measurement of �
and associated parameter derived from an ensemble of beauty and charm-meson decay
studies performed by LHCb [20]. The 3� contours of the results for � and �DK

B from the
B± ! [K+K�⇡+⇡�]Dh± analysis encompass the central values coming from the other
decay modes. There is good agreement between the two measurements for the rDK

B , �D⇡
B

and rD⇡
B parameters.

The fit is then made to the phase-space inclusive CP -violating observables. Here it is
necessary to know the CP -even fractions F+ for each decay, which have been measured
by the BESIII collaboration. In the case of D ! K+K�⇡+⇡� the measured value is
F+ = 0.73± 0.04 [42] and for D ! ⇡+⇡�⇡+⇡� the value 0.735± 0.016 is used [43]. Due
to the trigonometric dependence, multiple solutions are obtained. The likelihood contours
are shown in Fig. 8. It can be seen that these are compatible with measurements using
other decay channels.

9 Summary and conclusions

The first measurement of CP -violating observables for the decay B± ! [K+K�⇡+⇡�]Dh±

is presented. The analysis is performed in bins of phase space of the D-meson decay, which
are chosen to optimise sensitivity to the angle � of the CKM Unitary Triangle. The local
asymmetries confirm the presence of CP violation e↵ects that have also been observed in
other B± ! DK± decay modes. In addition, measurements of CP -violating observables
integrated over phase space are performed for the decays B± ! [K+K�⇡+⇡�]Dh± and
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Figure 1: (a) Mass distribution of the B0
s ! �� candidates, superimposed by the fit projections.

(b-d) Background-subtracted distributions of angular variables and decay time, superimposed by
the fit projections. Here cos ✓ is randomly chosen from cos ✓1 and cos ✓2. The angles ✓1, ✓2 and
� are defined in the text.

distribution, a signal weight is assigned to each candidate using the sPlot method [37].93

These signal weights are used in the subsequent maximum likelihood fit [38] to the94

decay-time and angular distributions in order to statistically subtract the background95

contribution.96

The decay of a B0
s meson to the K+K�K+K� final state can proceed via the ��, �f097

and f0f0 intermediate states. Due to the small phase space of the decay f0 ! K+K�
98

and the narrow K+K� mass window used to select the � candidates, the latter two99

contributions are highly suppressed and found to be negligible from an angular fit that100

accounts for these contributions. Thus in the subsequent analysis, only the B0
s ! �� decay101

is considered. The di↵erential decay rate is written as the sum of six terms, corresponding102

to contributions from the three polarization states and their interferences,103

d4�(t, ~⌦)
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/
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hk(t)fk(~⌦) , (1)

where t is the decay time of the B0
s meson, and ~⌦ = (✓1, ✓2,�) denotes the helicity angles104

of the two K+ mesons in the corresponding � rest frame and the angle between the two105

� ! K+K� decay planes. The angular functions fk(~⌦) are defined in Ref. [18]. The106
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s ! �� candidates, superimposed by the fit projections.

(b-d) Background-subtracted distributions of angular variables and decay time, superimposed by
the fit projections. Here cos ✓ is randomly chosen from cos ✓1 and cos ✓2. The angles ✓1, ✓2 and
� are defined in the text.

distribution, a signal weight is assigned to each candidate using the sPlot method [37].93

These signal weights are used in the subsequent maximum likelihood fit [38] to the94

decay-time and angular distributions in order to statistically subtract the background95

contribution.96

The decay of a B0
s meson to the K+K�K+K� final state can proceed via the ��, �f097

and f0f0 intermediate states. Due to the small phase space of the decay f0 ! K+K�
98

and the narrow K+K� mass window used to select the � candidates, the latter two99

contributions are highly suppressed and found to be negligible from an angular fit that100

accounts for these contributions. Thus in the subsequent analysis, only the B0
s ! �� decay101

is considered. The di↵erential decay rate is written as the sum of six terms, corresponding102

to contributions from the three polarization states and their interferences,103

d4�(t, ~⌦)

dtd~⌦
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6X
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hk(t)fk(~⌦) , (1)

where t is the decay time of the B0
s meson, and ~⌦ = (✓1, ✓2,�) denotes the helicity angles104

of the two K+ mesons in the corresponding � rest frame and the angle between the two105

� ! K+K� decay planes. The angular functions fk(~⌦) are defined in Ref. [18]. The106
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time-dependent functions hk(t) are given by107

hk(t) = Nke
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�
.

(2)
Here Q equals +1 (�1) for an initial B0

s (B0
s) state, �ms is the mass di↵erence between108

the heavy and light B0
s mass eigenstates, ��s is the decay width di↵erence between the109

light and heavy mass eigenstates, and �s is the average decay width.110

Ignoring CP violation in the B0
s mixing, in line with experimental measurements [39],111

the coe�cients Nk, ak, bk, ck and dk are defined [18] in terms of the magnitudes |Ai|,112

phases �i, CP -violating phases �s,i and direct CP -violation parameters |�i| for the three113

polarization states of the B0
s decay at t = 0, with i = 0, k, ?. The three amplitudes114

satisfy |A0|2 +
��Ak

��2 + |A?|2 = 1. The parameters �s,i and |�i| are defined by the equation115

q

p

Āi

Ai
= ⌘i |�i| e�i�s,i , (3)

where ⌘i is the CP eigenvalue of the ith polarization state, and q and p are complex116

numbers relating the B0
s mass eigenstates to the flavor eigenstates. A subset of parameters,117

chosen here as (�s,i, |�i|, |A0|2, |A?|2, �? � �0, �k � �0), can be determined by performing118

a maximum likelihood fit to the distributions of t, ~⌦ and Q. In the SM-like case or new119

physics scenarios where CP violation is polarization-independent, the set of CP -violation120

observables can be reduced to �s,i = �sss
s and |�i| = |�|. In this analysis, the above121

formalism is used to obtain both polarization-independent and polarization-dependent122

results, taking into account the experimental e↵ects discussed below.123

The detector acceptance and the selection requirements lead to a non-uniform e�ciency124

as a function of the angular variables, referred to below as angular acceptance. This e↵ect125

is accounted for through the use of normalization factors calculated with simulated signal126

events subject to the same selection criteria as the data. Possible di↵erences between127

the simulation and data are corrected using an iterative procedure [18, 40] that gradually128

improves the agreement of the kaon pT spectra in the data and simulation.129

The reconstruction, trigger and selection requirements introduce a decay-time130

dependent e�ciency. A cubic spline function [41], with 7 knots at [0.3, 0.5, 1.0, 1.5,131

2.0, 3.0, 8.0] ps and 9 coe�cients, is employed to describe the decay-time dependent132

e�ciency function, referred to below as decay-time acceptance. One coe�cient is fixed133

to unity for normalization, and all the other coe�cients are free parameters in the fit to134

the data. Compared with the previous analysis in Ref. [18], which used B0
s ! D�

s ⇡
+ and135

B0 ! J/ K⇤0 decays as control channels to determine the decay-time acceptance, this136

method with free acceptance parameters improves the fit quality without loss of precision137

for the physics parameters.138

The dilution e↵ect of the decay-time resolution on the B0
s oscillation is modelled by a139

Gaussian with a per-candidate width �t, which is related to the per-candidate decay-time140

uncertainty, �t, through a linear calibration function �t = q0 + q1 ⇥ �t. The parameters141

q0 and q1 are obtained using fictitious candidates formed of four prompt tracks from142

pp interactions, which have a decay time centered around 0. These prompt candidates143

are weighted to match the momentum and pT distributions of the signal candidates144

and split into ten �t intervals. For each interval, the e↵ective time resolution �t,i is145

estimated by fitting the sum of three Gaussian functions with a common mean to the146

4

time-dependent functions hk(t) are given by107
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Here Q equals +1 (�1) for an initial B0

s (B0
s) state, �ms is the mass di↵erence between108

the heavy and light B0
s mass eigenstates, ��s is the decay width di↵erence between the109

light and heavy mass eigenstates, and �s is the average decay width.110

Ignoring CP violation in the B0
s mixing, in line with experimental measurements [39],111

the coe�cients Nk, ak, bk, ck and dk are defined [18] in terms of the magnitudes |Ai|,112

phases �i, CP -violating phases �s,i and direct CP -violation parameters |�i| for the three113

polarization states of the B0
s decay at t = 0, with i = 0, k, ?. The three amplitudes114

satisfy |A0|2 +
��Ak

��2 + |A?|2 = 1. The parameters �s,i and |�i| are defined by the equation115

q

p

Āi

Ai
= ⌘i |�i| e�i�s,i , (3)

where ⌘i is the CP eigenvalue of the ith polarization state, and q and p are complex116

numbers relating the B0
s mass eigenstates to the flavor eigenstates. A subset of parameters,117

chosen here as (�s,i, |�i|, |A0|2, |A?|2, �? � �0, �k � �0), can be determined by performing118

a maximum likelihood fit to the distributions of t, ~⌦ and Q. In the SM-like case or new119

physics scenarios where CP violation is polarization-independent, the set of CP -violation120

observables can be reduced to �s,i = �sss
s and |�i| = |�|. In this analysis, the above121

formalism is used to obtain both polarization-independent and polarization-dependent122

results, taking into account the experimental e↵ects discussed below.123

The detector acceptance and the selection requirements lead to a non-uniform e�ciency124

as a function of the angular variables, referred to below as angular acceptance. This e↵ect125

is accounted for through the use of normalization factors calculated with simulated signal126

events subject to the same selection criteria as the data. Possible di↵erences between127

the simulation and data are corrected using an iterative procedure [18, 40] that gradually128

improves the agreement of the kaon pT spectra in the data and simulation.129

The reconstruction, trigger and selection requirements introduce a decay-time130

dependent e�ciency. A cubic spline function [41], with 7 knots at [0.3, 0.5, 1.0, 1.5,131

2.0, 3.0, 8.0] ps and 9 coe�cients, is employed to describe the decay-time dependent132

e�ciency function, referred to below as decay-time acceptance. One coe�cient is fixed133

to unity for normalization, and all the other coe�cients are free parameters in the fit to134

the data. Compared with the previous analysis in Ref. [18], which used B0
s ! D�

s ⇡
+ and135

B0 ! J/ K⇤0 decays as control channels to determine the decay-time acceptance, this136

method with free acceptance parameters improves the fit quality without loss of precision137

for the physics parameters.138

The dilution e↵ect of the decay-time resolution on the B0
s oscillation is modelled by a139

Gaussian with a per-candidate width �t, which is related to the per-candidate decay-time140

uncertainty, �t, through a linear calibration function �t = q0 + q1 ⇥ �t. The parameters141

q0 and q1 are obtained using fictitious candidates formed of four prompt tracks from142

pp interactions, which have a decay time centered around 0. These prompt candidates143

are weighted to match the momentum and pT distributions of the signal candidates144

and split into ten �t intervals. For each interval, the e↵ective time resolution �t,i is145

estimated by fitting the sum of three Gaussian functions with a common mean to the146
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Flavour Tagging at LHCb

Figure 3.18: Schematic representation of the FT algorithms available at LHCb [135].

3.4 Flavour tagging

At LHCb the flavour of the neutral B mesons at the instants of their production is
determined by specific algorithms, called taggers [135]. They are based on multivariate
classifiers, exploiting geometrical and kinematic variables as input information. Each
tagger looks for a specific kind of particle generated in the pp collision, whose electric
charge is highly correlated with the flavour of the signal B0

(s) meson. Two main categories
of tagging algorithms have been developed: the Opposite Side (OS) taggers and the Same
Side (SS) taggers. The inputs of the latter are related to the remnants of the fragmentation
of the signal b quark. Instead, the targets of the former are particles coming from the decay
of the other B in the event. That is the reason why all OS taggers are suitable for both B0

and B0
s

tagging, whereas di↵erent SS taggers are devoted to di↵erent mesons. A schematic
representation of the various algorithms is illustrated by Figure 3.18. The OS taggers
seek the correlation between the signal B0

(s) flavour and the charge of: a kaon (OSK)
produced by the b ! c ! s decay chain, a muon (OSµ) or an electron (OSe) coming from
a semileptonic b decay, a reconstructed secondary charm hadron (SSc), and the inclusive
secondary vertex reconstructed from the opposite b-hadron decay products(OSVtx) [29,30].
The SS taggers exploit the information coming from a pion (SS⇡) or a proton (SSp) in
case of a B0 signal hypothesis [32], and from a kaon (SSK) in the case of a B0

s
signal

hypothesis [31], within a certain kinematic region around the signal candidate. All taggers
return two output variables: the decision, ⇠tag, and the predicted mistag probability, ⌘tag.
The variable ⇠tag can take alternatively one of the discrete values +1, �1, and 0. The first
two options correspond to the B0

(s) and B0
(s) flavour decision, respectively. The outcome

0 means that the algorithm was not able to assign an hypothesis (untagged candidate).
Consequently, the tagging e�ciency is defined as:

"tag =
NR + NW

NR + NW + NU

, (3.20)
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