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• Why are we (still) measuring    ? 
• Standard candle measurement of the SM 

• Tree-level decays, theoretically simple 

• We really measure     not              

• Negligible SM uncertainties ~  

• Still room for some NP though 

• Indirect measurements from CKM fits 
•                            ,  
• Previous measurement from LHCb
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Measuring
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• Interference effects 
• Two amplitudes giving the same final state:                        and 
• Golden mode B± ! DK±
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• Historically taken HFLAV global charm fit as an input ( ) 
• External constraints for two body D decay modes and mixing corrections across the board 

•                                               have good sensitivity to        (if         are well measured)  

• Why not just measure       ?  
• Measuring just       requires inputs for   

• These in turn depend on the strong phase 

• So, the most robust option is to use LHCb  
charm + beauty data to constrain all four  
parameters 

• This combined input can be used by HFLAV etc

xD , yD , rD , δD

LHCb     (+ charm?) combination

4

δKπ
D γ , δB

δKπ
D xD , yD , rD

0

0.2

0.4

0.6

0.8

1

1.2C
L

−1

140 160 180 200 220 240
]° [πKδ

9.4−
+9.4192.1

4.5−
+4.6190.2

4.0−
+4.0189.9

)δInput from HFLAV Global Charm Fit (x, y, r, 
 GLWADS + BPGGSZ + HFLAV Charm (x, y, r)+ Dh→+B
 combination + HFLAV Charm (x, y, r)+ Dh→+B

68.3%

95.5%
0

0.2

0.4

0.6

0.8

1

1.2C
L

−1

140 160 180 200 220 240
]° [πKδ

4.5−
+4.5190.2

4.5−
+4.6190.4

4.6−
+4.7187.8

4.3−
+4.4192.6

Post-fit values
Pre-fit values
σ-2
σ+2

68.3%

95.5%

Figure 4: Left: A comparison between measurements of �K⇡

D
with a simple inclusion of the

HFLAV global charm fit (blue), using the two most sensitive modes in the combination (green)
and the entire combiation (orange). Right: One dimensional profile likelihood scans of �K⇡

D
when

the external inputs xD and yD are fixed to di↵erent values (in blue they are fixed to the HFLAV
global average values, in green to the values obtained from the the GLWADS+BPGGSZ+HFLAV
charm fit, in orange and magenta to the HFLAV global average values ±2�. One can see the
variation is not negligible.
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Figure 5: Two dimensional constraints on (left) yD and �K⇡

D
, and (right) yD and xD, for (blue)

the latest HFLAV charm update [3] and (orange) including also results from the new B+
! DK+

GLW/ADS analysis [19].

• Measurement of �aCP from D0
! K+K� and D0

! ⇡+⇡� decays [32];213

• Measurement of yCP with two-body charm decays [35];214

• Measurement of (x0±
D

)2, y0±
D

and RK⇡

D
using D0

! K±⇡⌥ decays [38];215

• Measurement of y0K3⇡
D

, RK3⇡
D

and
⇣

x
2
D+y

2
D

4

⌘
with D0

! K±⇡⌥⇡+⇡� decays [39];216

• Model independent measurement of charm mixing parameters in D ! K0
S⇡

+⇡�
217

decays [40–42];218

• Measurements of �Y ⇡ A� from D ! h+h� decays [43].219
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• Historically taken HFLAV global charm fit as an input ( ) 
• External constraints for two body D decay modes and mixing corrections across the board 

•                                               have good sensitivity to        (if         are well measured)  

• Strong correlation between      and  
• Originates from the fact one typically measures 

• Allows for a large corresponding improvement  
in the measurement of 

xD , yD , rD , δD
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Figure 4: Two dimensional constraints on (left) yD and �K⇡

D
, and (right) yD and xD, for (blue)

the latest HFLAV charm update [7] and (orange) including also results from the new B+
! DK+

GLW/ADS analysis [19].

• Model independent measurement of charm mixing parameters in D ! K0
S⇡

+⇡�
165

decays [37, 38];166

• Measurements of A� from D ! h+h� decays [34].167

In addition, one set of external charm inputs from CLEO is used, as described in Ap-168

pendix H.169

3 Results of LHCb Measurements170

In order to streamline this note and make it easier to read we have moved much of this171

section into the Appendices in which we provide a full list and description of the various172

inputs in the combinations. A table of the input measurements used in the combination173

has already been provided in Table 1. Historically, we have also had a section which174

gives a description of the methods employed by the various input measurements to give175

sensitivity to �. We have now also moved this into Appendix A. The definitions of each176

input observable are provided in Appendix B and C. Definitions for the relationship177

between the observables and the underlying physics parameters which we extract in the178

combination are provided in Appendix D and E. We then provide the input observable179

values, uncertainties (split by statistical and systematic contributions) and the various180

correlation matrices (split by statistical and systematic contributions) in Appendices F181

and G.182

Many of the input observables in the beauty sector contain dependencies on additional183

hadronic parameters describing the subsequent charm decay as well as contributions from184

D0-D0 mixing. For many of these the beauty observables themselves have little or no185

sensitivity and subsequently we take external inputs, or auxiliary measurements, from186

other sources. These are listed in Table 3 and described in Appendix H. In the case of187

the DK only and Dh combinations information on charm mixing, xD and yD, and the188

ratio of magnitude and strong phase di↵erence between CF and DCS D0
! K⌥⇡± decays,189

rK⇡

D
and �K⇡

D
, are taken from the latest HFLAV Charm Fit [7]. In the case of the Dh190
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• Large update since the previous paper 
• LHCb  and charm combination 

• Many new and updated inputs 

• Follow a frequentist procedure 
• Described in details in the previous  

paper - JHEP 12 (2016) 087 

• Combine 151 observables 

• Determine 52 parameters

γ
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LHCb     and charm combinationγ

LHCb-CONF-2021-001

Table 1: Measurements used in the combination, inputs from the charm system appear in
the lower part of the table. Those that are new, or that have changed, since the previous
combination [22] are highlighted in bold. Measurements denoted by (*) include only a fraction
of the Run 2 sample, corresponding to data taken in 2015 and 2016.

B decay D decay Ref. Dataset Status since

Ref. [22]

B±
! Dh± D ! h+h� [24] Run 1&2 Updated

B±
! Dh± D ! h+⇡�⇡+⇡� [25] Run 1 As before

B±
! Dh± D ! h+h�⇡0 [26] Run 1 As before

B±
! Dh± D ! K0

Sh
+h� [23] Run 1&2 Updated

B±
! Dh± D ! K0

SK
±⇡⌥ [27] Run 1&2 Updated

B±
! D⇤h± D ! h+h� [24] Run 1&2(*) Updated

B±
! DK⇤± D ! h+h� [28] Run 1&2(*) As before

B±
! DK⇤± D ! h+⇡�⇡+⇡� [28] Run 1&2(*) As before

B±
! Dh±⇡+⇡� D ! h+h� [29] Run 1 As before

B0
! DK⇤0 D ! K+⇡� [30] Run 1&2(*) Updated

B0
! DK⇤0 D ! h+⇡�⇡+⇡� [30] Run 1&2(*) New

B0
! DK+⇡� D ! h+h� [31] Run 1 Superseded

B0
! DK⇤0 D ! K0

S⇡
+⇡� [32] Run 1 As before

B0
! D⌥⇡± D+

! K�⇡+⇡+ [33] Run 1 As before

B0
s ! D⌥

s K
± D+

s ! h+h�⇡+ [34] Run 1 As before

B0
s ! D⌥

s K
±⇡+⇡� D+

s ! h+h�⇡+ [35] Run 1&2 New

– D ! h+h� [36–38] Run 1&2 New

– D ! h+h� [39] Run 1 New

– D ! h+h� [40–43] Run 1&2 New

– D ! K+⇡� [44] Run 1 New

– D ! K+⇡� [45] Run 1&2(*) New

– D ! K±⇡⌥⇡+⇡� [46] Run 1 New

– D ! K0
S⇡

+⇡� [47, 48] Run 1&2 New

– D ! K0
S⇡

+⇡� [49] Run 1 New

asymmetry. Therefore in order to obtain the best precision on �, external constraints110

from the world averages of � and �s = �2�s [15] are included.111

2 Assumptions112

The mathematical formula relating the input observables to the parameters of interest,113

via Eq. (3), contains a few assumptions. These assumptions are detailed below and their114

impact on the overall results has been checked to be negligible at the current precision.115

In the future, as the precision on � approaches 1� many of these assumptions will need to116

4
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• LHCb  and charm combination 
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Table 1: Measurements used in the combination, inputs from the charm system appear in
the lower part of the table. Those that are new, or that have changed, since the previous
combination [22] are highlighted in bold. Measurements denoted by (*) include only a fraction
of the Run 2 sample, corresponding to data taken in 2015 and 2016.

B decay D decay Ref. Dataset Status since

Ref. [22]
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B±
! Dh± D ! K0

Sh
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! DK⇤± D ! h+h� [28] Run 1&2(*) As before

B±
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asymmetry. Therefore in order to obtain the best precision on �, external constraints110

from the world averages of � and �s = �2�s [15] are included.111

2 Assumptions112

The mathematical formula relating the input observables to the parameters of interest,113

via Eq. (3), contains a few assumptions. These assumptions are detailed below and their114

impact on the overall results has been checked to be negligible at the current precision.115

In the future, as the precision on � approaches 1� many of these assumptions will need to116
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• Results 
• First simultaneous fit for charm and beauty parameters

Table 4: Confidence intervals and central values for � when splitting the combination inputs by
initial B meson species.

Species Value
68.3% CL 95.4% CL

Uncertainty Interval Uncertainty Interval

B+ [�] 61.7 +4.4
�4.8 [56.9, 66.1] +8.6

�9.5 [52.2, 70.3]

B0 [�] 82.0 +8.1
�8.8 [73.2, 90.1] +17

�18 [64, 99]

B0
s [�] 79 +21

�24 [55, 100] +51
�47 [32, 130]

Figure 3: Two dimensional profile likelihood contours for (left) the charm mixing parameters x
and y, and (right) the � and |q/p| parameters. The blue contours show the current charm world
average from Ref. [14], the green 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.

The relative impact of systematic uncertainties on the input observables is studied, and259

found to contribute approximately 1.4� to the result for �, demonstrating this combination260

is still in the regime of statistical dominance. Correlations between systematic uncertainties261

from statistically independent measurements are currently neglected.262

In previous combinations, the experimental input from B0
! D⌥⇡± decays was263

included with an external theoretical prediction of rD
⌥⇡±

B0 = 0.0182 ± 0.0038 [33]. This264

prediction requires a modest assumption of SU(3) symmetry, and was the only theory265

input in an otherwise purely experimental measurement. This external input is no longer266

used, and the combination gives an experimental determination of rD
⌥⇡±

B0 = 0.030+0.014
�0.012.267

This is in good agreement with the theory based prediction and provides confidence that268

the assumption of SU(3) symmetry is valid within the current precision. Note that this269

change has a negligible impact on the determination of other parameters.270

5 Conclusion271

In summary, a combination of LHCb measurements sensitive to � and charm mixing, along272

with auxiliary information from other experiments, is performed for the first time. This273
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Headline results
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Observables: 151 
Parameters: 52 
Fit probability: 67%

γ = (65.4+3.8
−4.2)
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Figure 5: Profile likelihood contours for the components which contribute towards the charm part
of the combination, showing the breakdown of sensitivity amongst di↵erent sub-combinations of
modes. The contours shown are the two-dimensional 1� and 2� contours which correspond to
the areas containing 68.3% and 95.4% of the distribution.
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Figure 6: One dimensional 1� CL distribution for � from all inputs used in the combination.

x = (4.0±0.5)⇥10�3 and y = (6.3±0.3)⇥10�3, which are the most precise measurements253

to date including a factor of two improvement for the latter.254
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xD = (4.00+0.52
−0.53) × 10−3 , yD = (6.30+0.33

−0.30) × 10−3

xD = (4.09+0.48
−0.49) × 10−3, yD = (6.15+0.56

−0.55) × 10−3World average (HFLAV)

Preliminary Preliminary
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• Interesting to split the combination up into parts

Breakdowns

9

B species

Table 6: Confidence intervals and central values for each of the parameters of interest in the full
Dh and charm combination using the Plugin method.

Quantity Value 68.3% CL 95.4% CL
�[�] 65.4 [61.2, 69.2] [56.7, 73.0]
rDK

±

B± 0.0985 [0.0959, 0.1012] [0.0933, 0.1039]
�DK

±

B± [�] 127.9 [123.6, 131.8] [118.9, 135.3]
rD⇡

±

B± 0.0048 [0.0042, 0.0055] [0.0037, 0.0065]
�D⇡

±

B± [�] 288.0 [273.0, 301.0] [258.0, 314.0]
rD

⇤
K

±

B± 0.099 [0.080, 0.115] [0.061, 0.129]
�D

⇤
K

±

B± [�] 310.0 [286.0, 322.0] [239.0, 330.0]
rD

⇤
⇡
±

B± 0.0095 [0.0034, 0.0180] [0.0005, 0.0266]
�D

⇤
⇡
±

B± [�] 139.0 [52.0, 161.0] [10.0, 171.0]
rDK

⇤±

B± 0.106 [0.087, 0.122] [0.067, 0.137]
�DK

⇤±

B± [�] 35.0 [20.0, 56.0] [7.0, 91.0]
rDK

⇤0

B0 0.25 [0.23, 0.27] [0.20, 0.29]
�DK

⇤0

B0 [�] 197.0 [188.2, 207.7] [179.0, 222.0]
�f 0.31 [0.21, 0.41] [0.10, 0.51]

�D
⌥
s K

±

B
[�] 356.0 [338.0, 375.0] [318.0, 395.0]

RD
⌥
s K

±
⇡
+
⇡
�

B0
s

0.46 [0.37, 0.54] [0.29, 0.62]

�D
⌥
s K

±
⇡
+
⇡
�

B0
s

[�] 345.0 [333.0, 358.0] [320.0, 371.0]

rD
⌥
⇡
±

B
0.03 [0.02, 0.04] [0.00, 0.07]

�D
⌥
⇡
±

B
[�] 30.0 [�7.0, 56.0] [�51.0, 76.0]

rDK
±
⇡
+
⇡
�

B0 0.079 [0.045, 0.107] [0.000, 0.128]
�DK

±
⇡
+
⇡
�

B0 [�] 353.0 [180.0, 400.0] [180.0, 400.0]
rD⇡

±
⇡
+
⇡
�

B0 0.068 [0.038, 0.092] [0.000, 0.107]
�D⇡

±
⇡
+
⇡
�

B0 [�] 353.0 [346.6, 356.6] [180.0, 400.0]
xD 0.004 [0.003, 0.004] [0.003, 0.005]
yD 0.00629 [0.00600, 0.00661] [0.00572, 0.00698]
rK⇡

D
0.05866 [0.05850, 0.05881] [0.05835, 0.05897]

�K⇡

D
[�] 189.6 [185.7, 193.7] [181.5, 198.0]

|q/p|D 0.995 [0.979, 1.012] [0.963, 1.029]
�D �0.041 [�0.063, �0.020] [�0.086, 0.001]

Table 7: Confidence intervals and central values for � when splitting the combination inputs by
initial B meson species.

Combination Value 68.3% CL 95.4% CL
B+ 61.7 [57.1, 65.9] [52.6, 69.8]
B0 82.0 [73.7, 90.5] [64.0, 98.0]
B0

s
79.0 [59.0, 98.0] [41.0, 106.0]
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Figure 13: Two dimensional profile likelihood contours for various parameters relating to the
charm part of the average. It is clear to see the considerable gain on these parameters of including
the beauty inputs as well as the charm inputs. The contours hold 68.3% and 95.4% of the
distribution.
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Figure 4: Profile likelihood contours for the components which contribute towards the � part of
the combination, showing the breakdown of sensitivity amongst di↵erent sub-combinations of
modes. The contours shown are the two-dimensional 1� and 2� contours which correspond to
the areas containing 68.3% and 95.4% of the distribution.

includes seven new and updated inputs from B meson decays and eight inputs from D273

meson decays. The result of � = (65.4+3.8
�4.2)

� is the most precise measurement from a single274

experiment and is more precise than the current world average [15]. The charm mixing275

parameters are determined by the combination for the first time to be x = (0.400+0.052
�0.053)%276

and y = (0.629+0.032
�0.029)%, which are the most precise measurements to date including a277

factor of two improvement for the latter.278
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• Highlights the complementarity of the beauty and charm samples
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Figure 5: Profile likelihood contours for the components which contribute towards the charm part
of the combination, showing the breakdown of sensitivity amongst di↵erent sub-combinations
of modes. The contours shown are the two-dimensional 1� and 2� contours which correspond
to the areas containing 68.3% and 95.4% of the distribution. In the top two figures the light
blue bands show external constraints from CLEO-c [62] and BES-III [63]. These are required
to constrain �D when obtaining the “All Charm Modes” contours, but are not used in the full
combination. In the bottom figure the orange contour is mostly hidden behind the green, this is
because no significant additional sensitivity to CP violation in the D system is provided by the
inclusion of the B observables in the simultaneous fit.
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• We’ve been measuring     for a while now  
• Last two results around 65 degrees 

• Lower value mostly driven by  

• Run 1+2 
updated treatment of backgrounds 

• Run 1+2                 
backgrounds and merging of  
degenerate solutions 

• 5D compatibility to 2018 result ~2 sigma 

• Excellent agreement with indirect global  
CKM fitters.

Evolution of    results
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• Oscillation frequency of       mesons 
• Powerful constraint on the CKM matrix  

• Reduce systematic uncertainties in CPV  
measurements 

• Theory predictions available but less  
precise that experiment  

• Previous best result from LHCb                           ,  

• Already considerably more precise than the  
world average (HFLAV)

Precise measurement of Δms
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• Full Run 2 data sample, corresponding to          collected at  
• Use both                                      final states 

• Mass fit to separate signal and background 

• Signal yield 

• Fit to the decay time distribution 
• Apply sWeights from the mass fit 

• In reality more complicated, resolution and  
acceptances effects, flavour tagging etc.

Time-dependent analysis of                    decays
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Figure 1: Invariant-mass distributions. Distributions of the (left) D�
s ⇡

+, and
(right) K+K�⇡± or ⇡+⇡�⇡± invariant mass for the selected candidates, m(D�

s ⇡
+) and

m(K+K�⇡±,⇡+⇡�⇡±), respectively. The mass fit described in the text is overlaid. The
di↵erent contributions are shown as coloured areas (for background) or by dashed lines (for
signal).

resolution; the imperfect knowledge of the initial flavour of the reconstructed B0

s or B0

s

meson; the asymmetry in B0

s or B0

s production in pp collisions; and an asymmetry in
reconstruction of final state particles due to interactions in the detector material [30].

Due to the lifetime biasing e↵ect of the selections, the reconstruction e�ciency is low at
small decay times and increases to a plateau after 2 ps. The time-dependent reconstruction
e�ciency is modelled with cubic b-splines curves as described in Ref. [31]. The spline
coe�cients are allowed to vary in the fit to the observed decay-time distribution.

The decay-time resolution is measured using a data sample of D�
s mesons originating

from pp interactions without being required to come from an intermediate B0

s meson decay.
These ‘prompt’ candidates pass the same selection procedure as for the signal sample
except for requirements that reject signals with short decay times. The reconstructed
decay time in this sample is proportional to the distance between the D�

s production
vertex and an artificial B0

s decay vertex, formed by combining the prompt D�
s meson with

a ⇡+ track from the same pp collision. It is therefore compatible with zero decay time up
to bias and resolution e↵ects. A linear relationship is observed between the decay-time
resolution measured at zero decay time and the decay-time uncertainty estimated in the
vertex fit. This relationship is used to calibrate the B0

s ! D�
s ⇡

+ decay-time uncertainty.
Simulated prompt D�

s and B0

s ! D�
s ⇡

+ decays, for which the generated decay time is
known, are used to check the suitability of this method, which determines a 0.005 ps bias
in the reconstructed decay time due to residual detector misalignments. This bias is
corrected for in the analysis.

To determine if a neutral meson oscillated into its antiparticle, knowledge of the B0

s or
B0

s flavour at production and decay is required. In B0

s ! D�
s ⇡

+ decays, the B0

s flavour
at decay is identified by the charge of the pion as the D+

s ⇡
� decay cannot be produced

directly. To determine whether the B0

s oscillated before decay, the flavour at production
is inferred from the hadronisation of the B0

s meson or the decay of other beauty hadrons
produced in the collision using a combination of several flavour-tagging algorithms [32–35].
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Figure 1: Invariant-mass distributions. Distributions of the (left) D�
s ⇡

+, and
(right) K+K�⇡± or ⇡+⇡�⇡± invariant mass for the selected candidates, m(D�

s ⇡
+) and

m(K+K�⇡±,⇡+⇡�⇡±), respectively. The mass fit described in the text is overlaid. The
di↵erent contributions are shown as coloured areas (for background) or by dashed lines (for
signal).

resolution; the imperfect knowledge of the initial flavour of the reconstructed B0

s or B0

s

meson; the asymmetry in B0

s or B0

s production in pp collisions; and an asymmetry in
reconstruction of final state particles due to interactions in the detector material [30].

Due to the lifetime biasing e↵ect of the selections, the reconstruction e�ciency is low at
small decay times and increases to a plateau after 2 ps. The time-dependent reconstruction
e�ciency is modelled with cubic b-splines curves as described in Ref. [31]. The spline
coe�cients are allowed to vary in the fit to the observed decay-time distribution.

The decay-time resolution is measured using a data sample of D�
s mesons originating

from pp interactions without being required to come from an intermediate B0

s meson decay.
These ‘prompt’ candidates pass the same selection procedure as for the signal sample
except for requirements that reject signals with short decay times. The reconstructed
decay time in this sample is proportional to the distance between the D�

s production
vertex and an artificial B0

s decay vertex, formed by combining the prompt D�
s meson with

a ⇡+ track from the same pp collision. It is therefore compatible with zero decay time up
to bias and resolution e↵ects. A linear relationship is observed between the decay-time
resolution measured at zero decay time and the decay-time uncertainty estimated in the
vertex fit. This relationship is used to calibrate the B0

s ! D�
s ⇡

+ decay-time uncertainty.
Simulated prompt D�

s and B0

s ! D�
s ⇡

+ decays, for which the generated decay time is
known, are used to check the suitability of this method, which determines a 0.005 ps bias
in the reconstructed decay time due to residual detector misalignments. This bias is
corrected for in the analysis.

To determine if a neutral meson oscillated into its antiparticle, knowledge of the B0

s or
B0

s flavour at production and decay is required. In B0

s ! D�
s ⇡

+ decays, the B0

s flavour
at decay is identified by the charge of the pion as the D+

s ⇡
� decay cannot be produced

directly. To determine whether the B0

s oscillated before decay, the flavour at production
is inferred from the hadronisation of the B0

s meson or the decay of other beauty hadrons
produced in the collision using a combination of several flavour-tagging algorithms [32–35].

3

D−
s → K+K−π−, π+π−π−

378 700 ± 700

Neutral mesons with strange, charm or beauty quantum numbers can mix with their
antiparticles, as these quantum numbers are not conserved by the weak interaction. The
neutral meson comprising an antibeauty quark and a strange quark, the B0

s meson, and
its antiparticle, the B0

s meson, are one such example. In the B0

s–B
0

s system, the observed
particle and antiparticle states are linear combinations of the heavy (H) and light (L)
mass eigenstates. The mass eigenstates have masses mH and mL and decay widths �H

and �L [1]. As a consequence, the B0

s–B
0

s system oscillates with a frequency given by the
mass di↵erence, �ms = mH �mL. This oscillation frequency is an important parameter
of the Standard Model of particle physics. In combination with the B0–B0 oscillation
frequency, �md, it provides a powerful constraint on the Cabibbo–Kobayashi–Maskawa
quark-mixing matrix [2–5]. A precise measurement of �ms is also required to reduce the
systematic uncertainty associated with measurements of matter-antimatter di↵erences in
the B0

s–B
0

s system [6].
In this paper, we present a measurement of �ms using B0

s mesons that decay to a
charmed-strange D�

s meson and a pion, B0

s ! D�
s ⇡

+, and the decays with opposite charge,
B0

s! D+

s ⇡
�. We refer to both charge combinations as B0

s ! D�
s ⇡

+ throughout the paper,
and similarly for decays of the D�

s meson. The measurement is performed using data
collected between 2015 and 2018, denoted Run 2 of the Large Hadron Collider (LHC),
corresponding to an integrated luminosity of 6 fb�1 of proton-proton (pp) collisions at a
centre-of-mass energy of 13TeV.

The first measurement of �ms was obtained by the CDF collaboration [7]. More
recently, the LHCb collaboration has performed several measurements of �ms using data
collected at the LHC: a measurement using B0

s ! D�
s ⇡

+ decays [8]; two measurements
using B0

s ! J/ K+K� decays [9, 10]; and a measurement using B0

s ! D⌥
s ⇡

±⇡±⇡⌥

decays [11]. Theoretical predictions for �ms are available [5,12–16], with the most precise
prediction in Ref. [17]. The prediction is consistent with but significantly less precise than
existing experimental results.

The B0

s ! D�
s ⇡

+ decay-time distribution, in the absence of detector e↵ects, can be
written as

P (t) ⇠ e��st


cosh

✓
��st

2

◆
+ C · cos(�mst)

�
, (1)

where �s = (�H + �L)/2 is the inverse of the B0

s lifetime, known as the decay width in the
literature, and ��s = �H � �L is the decay-width di↵erence between the heavy and light
mass eigenstates. The parameter C takes the value C = �1 for decays in which the initially
produced meson mixed into its antiparticle before decaying, i.e. B0

s ! B0

s ! D�
s ⇡

+, and
C = 1 for unmixed decays, i.e. B0

s ! D�
s ⇡

+. The mixed decay is referred to as B0

s! D�
s ⇡

+

throughout the paper. The mass di↵erence �ms corresponds to a frequency in natural
units, and is measured in inverse picoseconds.

The LHCb detector [18, 19] is designed to study the decays of beauty and charm
hadrons produced in pp collisions at the LHC. It instruments a region around the proton
beam axis, covering the polar angles between 10 and 250mrad, in which approximately
a quarter of the b-hadron decay products are fully contained. The detector includes a
high-precision tracking system with a dipole magnet, providing measurements of the
momentum and decay-vertex position of particles. Di↵erent types of charged particles are
distinguished using information from two ring-imaging Cherenkov detectors, a calorimeter
and a muon system.

Simulated samples of B0

s ! D�
s ⇡

+ decays and data control samples are used to verify

1
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• Fit to the decay time distribution 
• Effective flavour tagging power about 6.1% 

• Factor of two improvement over the previous LHCb result 

• Additionally combine all LHCb results to get

Time-dependent analysis of                    decays
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B0
s → D−

s π+

Δms = 17.7683 ± 0.0051 ± 0.0032 ps−1

17.64 17.66 17.68 17.70 17.72 17.74 17.76 17.78

�ms [ps�1]

J/�K+K� 3 fb�1

J/�K+K� 2 fb�1

D�
s �+ 1 fb�1

D�
s �+�+�� 9 fb�1

D�
s �+ 6 fb�1

Average LHCb

Figure 3: Summary of LHCb measurements. Comparison of LHCb �ms measurements
from Refs. [8–11], the result presented in this article and their average. The measurement
described in this paper is labeled as D�

s ⇡
+ 6 fb�1. The band indicates the size of the uncertainty

on the average for comparison purposes. The combination procedure and inputs are described
in the text.

B0

s ! J/ K+K� decays in the 2011–2012 (3 fb�1) and 2015–2016 (2 fb�1) data sets,
respectively. The result for �ms is 17.7656± 0.0057 ps�1. The di↵erent measurements,
and the resulting combination, are shown in Fig. 3.

In summary, this paper presents the most precise measurement of the �ms oscillation
frequency, 17.7683 ± 0.0051 (stat) ± 0.0032 (syst) ps�1, where the first uncertainty is
statistical and the second systematic. The result is obtained using a sample of B0

s ! D�
s ⇡

+

decays collected with the LHCb detector during Run 2 of the LHC. Combining the result
of this paper with previous measurements by the LHCb collaboration yields a �ms value
of 17.7656± 0.0057 ps�1. This value is compatible with, and considerably more precise
than, the predicted value from lattice QCD [12–14] and sum rule calculations [15, 16]
of 18.4+0.7

�1.2 ps
�1 [17]. The combined result represents a significant improvement over

previous measurements, and is a legacy measurement of the original LHCb detector.
The experiment is currently undergoing a major upgrade to operate at five times the
instantaneous luminosity from 2022 onwards [37]. The largest sources of systematic
uncertainty for this measurement, namely those related to the detector length scale and
misalignment, will be a focal point to further improve upon this result for future data
taking periods.

Methods

The LHCb detector. The LHCb detector [18, 19] is a single-arm forward spectrometer
covering the pseudorapidity range 2 < ⌘ < 5, designed for the study of particles containing
b or c quarks. The detector includes a high-precision tracking system consisting of a
silicon-strip vertex detector surrounding the pp interaction region [38], a large-area silicon-
strip detector located upstream of a dipole magnet with a bending power of about 4Tm,
and three stations of silicon-strip detectors and straw drift tubes [39] placed downstream
of the magnet. The tracking system provides a measurement of the momentum, p, of
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Figure 2: Decay-time distribution of the signal decays. Distribution of the (left) decay
time of the B0

s ! D�
s ⇡

+ signal decays and (right) decay-time asymmetry between mixed and
unmixed signal decays. The fit described in the text is overlaid.

Table 1: Systematic uncertainties a↵ecting the measurement of �ms. Sources of
systematic uncertainties. The total systematic uncertainty is obtained by adding the contributions
in quadrature.

Description Systematic uncertainty [ ps�1]
Reconstruction e↵ects:
momentum scale uncertainty 0.0007
detector length scale 0.0018
detector misalignment 0.0020

Invariant mass fit model:
background parametrisation 0.0002
B0

s ! D⇤�
s ⇡+ and B0! D�

s ⇡
+ contributions 0.0005

Decay-time fit model:
decay-time resolution model 0.0011
neglecting correlation among observables 0.0011

Cross-checks:
kinematic correlations 0.0003

Total systematic uncertainty 0.0032

is the most precise measurement to date. The precision is further enhanced by combining
this result with the values determined in Refs. [8, 11]. Reference [8] uses B0

s ! D�
s ⇡

+

decays collected in 2011. Reference [11] uses a sample of B0

s ! D�
s ⇡

+⇡+⇡� decays selected
from the combined 2011–2018 data set, corresponding to 9 fb�1. The measurements are
statistically independent. The systematic uncertainties related to the momentum scale,
length scale and residual detector misalignment are assumed to be fully correlated. The
correlation between �ms and the fixed parameters ��s and �s is negligible and ignored
in the combination procedure. A covariance matrix is constructed by adding statistical
and systematic uncertainties in quadrature for each input, including correlations between
systematic uncertainties. The results are averaged by minimizing the �2 from the full
covariance matrix. The value of �ms obtained is 17.7666 ± 0.0057 ps�1. Additionally,
these results are combined with those from Refs. [9, 10] where �ms is determined using

5

� � � �ԣ <Tb>�
����
����

.
2+

�v
bf

Uy
Xy

9
Tb

V

G>*#ϩ 7#਷ȯ

ӷЈ֎ ݂ ӹ਷֎ ᅺ� ӷЈ֎ ݂ ӹ਷֎ ᅺ� lMi�;;2/

��� ��� ��� ���ԣ KQ/mHQ �ᅺ�ᅡԜ֎ <Tb>਷���਷���਷���������������

�
bv

K
K

2i
`v

G>*#ϩ 7#਷ȯ

.�i�
6Bi

Figure 2: Decay-time distribution of the signal decays. Distribution of the (left) decay
time of the B0

s ! D�
s ⇡

+ signal decays and (right) decay-time asymmetry between mixed and
unmixed signal decays. The fit described in the text is overlaid.

Table 1: Systematic uncertainties a↵ecting the measurement of �ms. Sources of
systematic uncertainties. The total systematic uncertainty is obtained by adding the contributions
in quadrature.

Description Systematic uncertainty [ ps�1]
Reconstruction e↵ects:
momentum scale uncertainty 0.0007
detector length scale 0.0018
detector misalignment 0.0020

Invariant mass fit model:
background parametrisation 0.0002
B0

s ! D⇤�
s ⇡+ and B0! D�

s ⇡
+ contributions 0.0005

Decay-time fit model:
decay-time resolution model 0.0011
neglecting correlation among observables 0.0011

Cross-checks:
kinematic correlations 0.0003

Total systematic uncertainty 0.0032

is the most precise measurement to date. The precision is further enhanced by combining
this result with the values determined in Refs. [8, 11]. Reference [8] uses B0

s ! D�
s ⇡

+

decays collected in 2011. Reference [11] uses a sample of B0

s ! D�
s ⇡

+⇡+⇡� decays selected
from the combined 2011–2018 data set, corresponding to 9 fb�1. The measurements are
statistically independent. The systematic uncertainties related to the momentum scale,
length scale and residual detector misalignment are assumed to be fully correlated. The
correlation between �ms and the fixed parameters ��s and �s is negligible and ignored
in the combination procedure. A covariance matrix is constructed by adding statistical
and systematic uncertainties in quadrature for each input, including correlations between
systematic uncertainties. The results are averaged by minimizing the �2 from the full
covariance matrix. The value of �ms obtained is 17.7666 ± 0.0057 ps�1. Additionally,
these results are combined with those from Refs. [9, 10] where �ms is determined using
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• First combination of LHCb beauty and charm observables 
• Excellent precision on     and a factor of  

two improvement for  

• Very precise new results for   
• Improved constraints in the CKM picture 

• Still more to come from LHCb 
• Run 1+2 measurements still coming through 

• The upgrade detector has taken shape,  
looking forward to first data taking next year

Summary
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background parametrisation 0.0002
B0

s ! D⇤�
s ⇡+ and B0! D�

s ⇡
+ contributions 0.0005

Decay-time fit model:
decay-time resolution model 0.0011
neglecting correlation among observables 0.0011

Cross-checks:
kinematic correlations 0.0003

Total systematic uncertainty 0.0032

is the most precise measurement to date. The precision is further enhanced by combining
this result with the values determined in Refs. [8, 11]. Reference [8] uses B0

s ! D�
s ⇡

+

decays collected in 2011. Reference [11] uses a sample of B0

s ! D�
s ⇡

+⇡+⇡� decays selected
from the combined 2011–2018 data set, corresponding to 9 fb�1. The measurements are
statistically independent. The systematic uncertainties related to the momentum scale,
length scale and residual detector misalignment are assumed to be fully correlated. The
correlation between �ms and the fixed parameters ��s and �s is negligible and ignored
in the combination procedure. A covariance matrix is constructed by adding statistical
and systematic uncertainties in quadrature for each input, including correlations between
systematic uncertainties. The results are averaged by minimizing the �2 from the full
covariance matrix. The value of �ms obtained is 17.7666 ± 0.0057 ps�1. Additionally,
these results are combined with those from Refs. [9, 10] where �ms is determined using
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Figure 5: Profile likelihood contours for the components which contribute towards the charm part
of the combination, showing the breakdown of sensitivity amongst di↵erent sub-combinations of
modes. The contours shown are the two-dimensional 1� and 2� contours which correspond to
the areas containing 68.3% and 95.4% of the distribution.
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Figure 6: One dimensional 1� CL distribution for � from all inputs used in the combination.

x = (4.0±0.5)⇥10�3 and y = (6.3±0.3)⇥10�3, which are the most precise measurements253

to date including a factor of two improvement for the latter.254
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Auxiliary inputsTable 2: List of the auxiliary inputs used in the combination, those highlighted in bold have
changed since the previous combination [22].

Decay Parameters Source Ref. Status since

Ref. [22]

B±
! DK⇤± DK⇤±

B± LHCb [28] As before

B0
! DK⇤0 DK⇤0

B0 LHCb [31] As before

B0
! D⌥⇡± � HFLAV [15] Updated

B0
s ! D⌥

s K
±(⇡⇡) �s HFLAV [15] Updated

D ! h+h�⇡0 F+
⇡⇡⇡0 , F

+
K⇡⇡0 CLEO-c [50] As before

D ! ⇡+⇡�⇡+⇡� F+
4⇡ CLEO-c [50] As before

D ! K+⇡�⇡0 rK⇡⇡0

D , �K⇡⇡0

D , K⇡⇡0

D CLEO-c+LHCb+BESIII [46, 51–53] Updated

D ! K±⇡⌥⇡+⇡� rK3⇡
D , �K3⇡

D , K3⇡
D CLEO-c+LHCb+BESIII [46, 51–53] Updated

D ! K0
SK

±⇡⌥ r
K0

SK⇡
D , �

K0
SK⇡

D , 
K0

SK⇡
D CLEO [54] As before

D ! K0
SK

±⇡⌥ r
K0

SK⇡
D LHCb [55] As before

be reassessed.117

Weak phases in B± ! D⇡± and B± ! DK± decays.118

The CKM matrix elements involved in these decays are di↵erent; for B±
! D⇡± decays119

they are VcdV
⇤
ub/VudV

⇤
cb and for B±

! DK± decays VcsV
⇤
ub/VusV

⇤
cb. In the former, the weak120

phase di↵erence between the favoured and suppressed amplitudes is �, while the latter,121

arg[�VcsV
⇤
ub/VusV

⇤
cb] ⇡ �, has a tiny correction of O(10�3) in the SM. This is a negligible122

correction at the current level of precision and will remain so for the foreseeable future.123

The correction is small because the CKM elements Vcd, Vcs, Vud and Vus are almost purely124

real numbers in the SM.125

Neutral kaon mixing.126

The extraction of � from decays where the D final state contains a neutral kaon is in127

principle also a↵ected by K0–K0 mixing, decay and matter regeneration [56]. For the128

relevant final states considered in this combination (D ! K0
Sh

+h� and D ! K0
SK

±⇡⌥)129

the e↵ect is expected to be approximately ��/� ⇡ O("K), where "K = (2.10+0.27
�0.20)⇥ 10�3

130

quantifies CP violation in neutral kaon mixing [18]. This has been studied in detail for the131

more sensitive D ! K0
Sh

+h� system in Ref. [56], in which the authors conclude that the132

shift in � from these e↵ects is less than 0.5�. Furthermore the result of the relevant input133

analysis includes a small systematic uncertainty to account for this [23], so these e↵ects134

are not considered further in this combination. The size of the e↵ect in D ! K0
SK

±⇡⌥
135

final states is significantly smaller since the charges of the companion kaon and pion act136

to tag the flavour of the K0
S.137

CP violation in D meson decays.138

The e↵ects of CP -violation in the direct decay of D ! K0
Sh

+h� are not considered because139

it is negligible in the SM for the Cabibbo-favoured (CF) and doubly Cabibbo-suppressed140
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• The full set of Dh inputs last used in the previous PAPER from 2016 
• Subsequent CONFs have focused on the DK-like modes only 

• Mostly due to poor constraints on the Dpi system giving multiple solutions, and favouring 
one we knew to be incorrect - giving an unrealistically precise one sigma result for  

• However, now have some big new results 
• New approach in the BPGGSZ analysis  

measures CPV in Dpi decays as well 

• Input on       particularly valuable  

• High statistics from the two body analysis 
also provides some better stability

Revisiting the Dh combination
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Figure 2: Previous result for (left) rD⇡
±

B± and (right) �, showing the two solutions observed in
the 2016 LHCb � combination [1] when including B+

! D⇡+ decays.

2.2 Removal of B0
! D⌥⇡± external input109

The inclusion of results from B0
! D⌥⇡± decays [29] in the previous combination [4]110

relied on an estimation of rD
⌥
⇡
±

B0 as an external input given the lack of sensitivity to this111

parameter. This estimation relies on theoretical assumptions [29], in particular SU(3)112

symmetry, and therefore, at some level, introduces a theoretical uncertainty into the �113

combination. Given, the poor stand-alone sensitivity to � in this mode, we have decided114

to remove the external input from the combination. This has no impact on the sensitivity115

of the combination to � and additionally allows us to float the value of rD
⌥
⇡
±

B0 in the116

combination to provide a theory free determination of it. This is less precise than, but very117

compatible with, the theory prediction. This is discussed more and the results provided118

in Sec. 6.5.119

2.3 Inclusion of LHCb charm observables120

The latest update of the B+
! Dh+, D ! h+h� analysis [19] using the GLW/ADS121

methods (see Section F.1 for more details) has increased sensitivity to the parameter �K⇡

D
,122

the strong phase di↵erence between the D0
! K�⇡+ and D0

! ⇡�K+ decay modes. In123

previous combinations the value of �K⇡

D
is considered as an external input and taken from124

the HFLAV Global Charm Fit. The dominant sensitivity from the global charm fit to this125

parameters comes from a CLEO-c analysis of D ! K⇡ decays and has a precision of ⇠ 10�.126

Providing � and the B decay strong phase, �DK
±

B± , can be well constrained then the gamma127

combination ADS modes have excellent sensitivity to �K⇡

D
provided there is external128

knowledge of rK⇡

D
, xD and yD. Consequently the B+

! Dh+, D ! h+h� anlaysis [19]129

makes a “stand-alone” measurement of �K⇡

D
using only external input on (rK⇡

D
, xD, yD) and130

adding in the BPGGSZ measurement in Ref. [22]. The entire combination can actually131

improve this “stand-alone” measurement by simply removing external knowledge of �K⇡

D
132

as input. Figure 3 (left) shows a comparison of the sensitivity to �K⇡

D
when simply using133

the external HFLAV input and when allowing the parameter to float in the combination134

of just the dominant B+
! Dh+ modes and the entire combination. One can see that135

there is a considerable improvement to the sensitivity from the external input (⇠ 10�)136

compared to the combination (⇠ 4�).137
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• Can measure    using a time-dependent analysis of this mode 
• However, there are two observables to measure, and three unknowns 

• So previously took          as an input in order to measure   

• This input is the only one in the entire combination with a theory assumption - SU(3) 

• The plan 
• Keep the experimental  

results in  

• Remove the external  
input for  

• Measure          in the  
combination instead

Input from  decaysB0 → D−π+
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I Have raised this point in previous meetings. It would be good to come to a consensus.
I The B0 !D�⇡+ TD mode requires external input of rD�⇡+ BUT this input is

calculated assuming SU(3) symmetry
I This makes it the only input the combination which relies on a theory assumption
I The sensitivity is very weak so including it or not has no impact on the combination
I Propose a compromise which is to simply remove the external input (rD�⇡+ , with the

theory assumption) but keep the experimental input (Sf , Sf̄ )
I We can now provide a theory independent measurement of rD�⇡+ (which is

consistent with the theory expectation)
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• Comparison with and without the old external input 
• Value of    completely unaffected by the  

treatment of  

• Combination measures it to be 

• Consistent with the previous input value of 

• Shows the validity of the SU(3) assumptions  
in this prediction (with uncertainties at least) 

Results - comment on  decaysB0 → D−π+
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Figure 20: Left: the negligible impact on the global combination for � when including the
B0

! D⌥⇡± input or not. Right: a comparison between the external input on rD
⌥
⇡
±

B0 and the
experimental extraction from the combination

6.5 Discussion on rD⇡
B values507

The impact on the combination of � is unchanged whether including the B0
! D⌥⇡±

508

input either with or without the external constraint, as can be seen in Fig. 20 (left).509

Consequently we have decided to remove the external input and keep only the experimental510

input (Sf , Sf̄). This allows us in the combination to now make a theory independent511

measurement of rD
⌥
⇡
±

B0 which we find is very consistent with, although considerably less512

precise than, the theory expectation, see Fig. 20 (right).513

6.6 Numerical Results514

Here we list the numerical results of the 1D scans shown in Secs. 6.1 and 6.2. These are515

provided in Table 5 (Prob method) and Table 6 (Plugin method). We also provide in516

Tables 7, 8 and 9 a comparison of the numerical results for � split by initial B species,517

decay mode and analysis method, respectively. These are the corresponding numerical518

results for the plots shown in Figs. 14, 15 and 16, respectively.519
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Numerical results
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Table 3: Confidence intervals and central values for each of the parameters of interest. Entries
marked with a ⇤ show where the scan has hit a physical boundary at the lower limit.

Quantity Value
68.3% CL 95.4% CL

Uncertainty Interval Uncertainty Interval

� [�] 65.4 +3.8
�4.2 [61.2, 69.2] +7.5

�8.7 [56.7, 72.9]

rDK±

B± 0.0984 +0.0027
�0.0026 [0.0958, 0.1011] +0.0056

�0.0052 [0.0932, 0.1040]

�DK±

B± [�] 127.6 +4.0
�4.2 [123.4, 131.6] +7.8

�9.2 [118.4, 135.4]

rD⇡±

B± 0.00480 +0.00070
�0.00056 [0.00424, 0.00550] +0.0017

�0.0011 [0.0037, 0.0065]

�D⇡±

B± [�] 288 +14
�15 [273, 302] +26

�31 [257, 314]

rD
⇤K±

B± 0.099 +0.016
�0.019 [0.080, 0.115] +0.030

�0.038 [0.061, 0.129]

�D
⇤K±

B± [�] 310 +12
�23 [287, 322] +20

�71 [239, 330]

rD
⇤⇡±

B± 0.0095 +0.0085
�0.0061 [0.0034, 0.0180] +0.017

�0.0089 [0.0006, 0.026]

�D
⇤⇡±

B± [�] 139 +22
�86 [53, 161] +32

�129 [10, 171]

rDK⇤±

B± 0.106 +0.017
�0.019 [0.087, 0.123] +0.031

�0.040 [0.066, 0.137]

�DK⇤±

B± [�] 35 +20
�15 [20, 55] +57

�28 [7, 92]

rDK⇤0

B0 0.250 +0.023
�0.024 [0.226, 0.273] +0.044

�0.052 [0.198, 0.294]

�DK⇤0

B0 [�] 197 +10
�9.3 [187.7, 207] +24

�18 [179, 221]

rD
⌥
s K±

B0
s

0.310 +0.098
�0.092 [0.218, 0.408] +0.20

�0.21 [0.10, 0.51]

�D
⌥
s K±

B0
s

[�] 356 +19
�18 [338, 375] +39

�39 [317, 395]

rD
⌥
s K±⇡+⇡�

B0
s

0.460 +0.081
�0.084 [0.376, 0.541] +0.16

�0.17 [0.29, 0.62]

�D
⌥
s K±⇡+⇡�

B0
s

[�] 345 +13
�12 [333, 358] +26

�25 [320, 371]

rD
⌥⇡±

B0 0.030 +0.014
�0.012 [0.018, 0.044] +0.036

�0.028 [0.002, 0.066]

�D
⌥⇡±

B0 [�] 30 +26
�37 [�7, 56] +45

�81 [�51, 75]

rDK±⇡+⇡�

B± 0.079 +0.028
�0.034 [0.045, 0.107] +0.050

�0.079 [0.000, 0.129]⇤

rD⇡±⇡+⇡�

B± 0.067 +0.025
�0.029 [0.038, 0.092] +0.040

�0.067 [0.000, 0.107]⇤

x [%] 0.400 +0.052
�0.053 [0.347, 0.452] +0.10

�0.11 [0.29, 0.50]

y [%] 0.630 +0.033
�0.030 [0.600, 0.663] +0.069

�0.058 [0.572, 0.699]

rK⇡
D 0.05867 +0.00015

�0.00015 [0.05852, 0.05882] +0.00031
�0.00030 [0.05837, 0.05898]

�K⇡
D [�] 190.0 +4.2

�4.1 [185.9, 194.2] +8.6
�8.3 [181.7, 198.6]

|q/p| 0.997 +0.016
�0.016 [0.981, 1.013] +0.033

�0.033 [0.964, 1.030]

� [�] �2.4 ±1.2 [�3.6,�1.2] ±2.5 [�4.9, 0.1]

B±
! DK± decays as the source of this improvement.250

The beauty part of the combination is cross-checked with an independent framework251

using a Bayesian statistical treatment. A flat prior is used for � and the relevant hadronic252

parameters and results in a value of � = (65.6+3.7
�3.8)

� which is in excellent agreement with253

the nominal frequentist results. Good agreement between the frequentist and Bayesian254

interpretations is also seen for the other hadronic parameters in the combination. A255

second cross-check using an independent fitting framework with frequentist interpretation256

gives consistent results to better than 1% precision. Finally, the charm sector of the257

combination was validated by accurately reproducing the HFLAV results [16].258
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Table 3: Confidence intervals and central values for each of the parameters of interest. Entries
marked with a ⇤ show where the scan has hit a physical boundary at the lower limit.

Quantity Value
68.3% CL 95.4% CL

Uncertainty Interval Uncertainty Interval

� [�] 65.4 +3.8
�4.2 [61.2, 69.2] +7.5

�8.7 [56.7, 72.9]

rDK±

B± 0.0984 +0.0027
�0.0026 [0.0958, 0.1011] +0.0056

�0.0052 [0.0932, 0.1040]

�DK±

B± [�] 127.6 +4.0
�4.2 [123.4, 131.6] +7.8

�9.2 [118.4, 135.4]

rD⇡±

B± 0.00480 +0.00070
�0.00056 [0.00424, 0.00550] +0.0017

�0.0011 [0.0037, 0.0065]

�D⇡±

B± [�] 288 +14
�15 [273, 302] +26

�31 [257, 314]

rD
⇤K±

B± 0.099 +0.016
�0.019 [0.080, 0.115] +0.030

�0.038 [0.061, 0.129]

�D
⇤K±

B± [�] 310 +12
�23 [287, 322] +20

�71 [239, 330]

rD
⇤⇡±

B± 0.0095 +0.0085
�0.0061 [0.0034, 0.0180] +0.017

�0.0089 [0.0006, 0.026]

�D
⇤⇡±

B± [�] 139 +22
�86 [53, 161] +32

�129 [10, 171]

rDK⇤±

B± 0.106 +0.017
�0.019 [0.087, 0.123] +0.031

�0.040 [0.066, 0.137]

�DK⇤±

B± [�] 35 +20
�15 [20, 55] +57

�28 [7, 92]

rDK⇤0

B0 0.250 +0.023
�0.024 [0.226, 0.273] +0.044

�0.052 [0.198, 0.294]

�DK⇤0

B0 [�] 197 +10
�9.3 [187.7, 207] +24

�18 [179, 221]

rD
⌥
s K±

B0
s

0.310 +0.098
�0.092 [0.218, 0.408] +0.20

�0.21 [0.10, 0.51]

�D
⌥
s K±

B0
s

[�] 356 +19
�18 [338, 375] +39

�39 [317, 395]

rD
⌥
s K±⇡+⇡�

B0
s

0.460 +0.081
�0.084 [0.376, 0.541] +0.16

�0.17 [0.29, 0.62]

�D
⌥
s K±⇡+⇡�

B0
s

[�] 345 +13
�12 [333, 358] +26

�25 [320, 371]

rD
⌥⇡±

B0 0.030 +0.014
�0.012 [0.018, 0.044] +0.036

�0.028 [0.002, 0.066]

�D
⌥⇡±

B0 [�] 30 +26
�37 [�7, 56] +45

�81 [�51, 75]

rDK±⇡+⇡�

B± 0.079 +0.028
�0.034 [0.045, 0.107] +0.050

�0.079 [0.000, 0.129]⇤

rD⇡±⇡+⇡�

B± 0.067 +0.025
�0.029 [0.038, 0.092] +0.040

�0.067 [0.000, 0.107]⇤

x [%] 0.400 +0.052
�0.053 [0.347, 0.452] +0.10

�0.11 [0.29, 0.50]

y [%] 0.630 +0.033
�0.030 [0.600, 0.663] +0.069

�0.058 [0.572, 0.699]

rK⇡
D 0.05867 +0.00015

�0.00015 [0.05852, 0.05882] +0.00031
�0.00030 [0.05837, 0.05898]

�K⇡
D [�] 190.0 +4.2

�4.1 [185.9, 194.2] +8.6
�8.3 [181.7, 198.6]

|q/p| 0.997 +0.016
�0.016 [0.981, 1.013] +0.033

�0.033 [0.964, 1.030]

� [�] �2.4 ±1.2 [�3.6,�1.2] ±2.5 [�4.9, 0.1]

B±
! DK± decays as the source of this improvement.250

The beauty part of the combination is cross-checked with an independent framework251

using a Bayesian statistical treatment. A flat prior is used for � and the relevant hadronic252

parameters and results in a value of � = (65.6+3.7
�3.8)

� which is in excellent agreement with253

the nominal frequentist results. Good agreement between the frequentist and Bayesian254

interpretations is also seen for the other hadronic parameters in the combination. A255

second cross-check using an independent fitting framework with frequentist interpretation256

gives consistent results to better than 1% precision. Finally, the charm sector of the257

combination was validated by accurately reproducing the HFLAV results [16].258
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Figure 4: Profile likelihood contours for the components which contribute towards the � part of
the combination, showing the breakdown of sensitivity amongst di↵erent sub-combinations of
modes. The contours shown are the two-dimensional 1� and 2� contours which correspond to
the areas containing 68.3% and 95.4% of the distribution.

includes seven new and updated inputs from B meson decays and eight inputs from D273

meson decays. The result of � = (65.4+3.8
�4.2)

� is the most precise measurement from a single274

experiment and is more precise than the current world average [15]. The charm mixing275

parameters are determined by the combination for the first time to be x = (0.400+0.052
�0.053)%276

and y = (0.629+0.032
�0.029)%, which are the most precise measurements to date including a277

factor of two improvement for the latter.278
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Figure 10.2: Evolving constraints in the ⇢̄ � ⌘̄ plane from LHCb measurements and lattice QCD calcula-
tions, alone, with current inputs (2018), and the anticipated improvements from the data accumulated by
2025 (23 fb�1) and 2035 (300 fb�1), taking the values given in Table 10.1. The hadronic parameter ⇠ is
a necessary input in the determination of the side opposite � and is assumed to be calculated with a
precision of 0.6% and 0.3%, in 2025 and 2035, respectively [614]. In the future projections the central
values of the inputs have been adjusted to provide internal consistency.
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Figure 10.2: Evolving constraints in the ⇢̄ � ⌘̄ plane from LHCb measurements and lattice QCD calcula-
tions, alone, with current inputs (2018), and the anticipated improvements from the data accumulated by
2025 (23 fb�1) and 2035 (300 fb�1), taking the values given in Table 10.1. The hadronic parameter ⇠ is
a necessary input in the determination of the side opposite � and is assumed to be calculated with a
precision of 0.6% and 0.3%, in 2025 and 2035, respectively [614]. In the future projections the central
values of the inputs have been adjusted to provide internal consistency.
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Figure 10.2: Evolving constraints in the ⇢̄ � ⌘̄ plane from LHCb measurements and lattice QCD calcula-
tions, alone, with current inputs (2018), and the anticipated improvements from the data accumulated by
2025 (23 fb�1) and 2035 (300 fb�1), taking the values given in Table 10.1. The hadronic parameter ⇠ is
a necessary input in the determination of the side opposite � and is assumed to be calculated with a
precision of 0.6% and 0.3%, in 2025 and 2035, respectively [614]. In the future projections the central
values of the inputs have been adjusted to provide internal consistency.
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