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• Measurements of  oscillations with flavour specific decays

•  [arXiv:2011.12041]

•  [JHEP 03 (2021) 137]


• Measurements of time dependent  in the  system

•  [JHEP 03 (2021) 075]

•  [JHEP 03 (2021) 137]
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https://dx.doi.org/10.1007/JHEP03(2021)137


 oscillations and TD-CPVB0
s − B̄0

s

• Frequency proportional to the mass difference between the 
heavy and the light eigenstates 


• Provide a second amplitude for the interference of  
and  processes

∼Δmsc2/ℏ
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s → f
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s → B̄0
s → f
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Flavour tagging
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• Crucial input to measure the identity of the  at production

• Combines informations from tracking and particle identification 
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B0
s



5Michele Veronesi - FPCP 2021 5

 oscillationsB0
s − B̄0

s

[arXiv:2011.12041]

[JHEP 03 (2021) 137]

https://dx.doi.org/10.1007/JHEP03(2021)137


Measuring  oscillationsB0
s − B̄0

s
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∼ e−Γst {cosh ΔΓst
2 cos t}Δms

• Choose a flavour specific decay, i.e.  but 

→ identity of the  at decay from the charges of the decay products


• Oscillation frequency inversely proportional to the distance between two 
peaks in the  decay time spectrum 

B0
s → f B0

s → f̄
B0

s

B0
s
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Signal yields
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• Reconstructed 378 700 ± 700 (148 000 ± 400) signal   
decays in Run 2 (+ Run 1)


•  supersedes Run 1 measurement with 1 fb-1 [New J. Phys. 15 
(2013) 053021]

B0
s → D−

s π+(π+π−)

B0
s → D−

s π+

[L
og

 S
ca

le
]

https://arxiv.org/abs/2011.12041
https://dx.doi.org/10.1007/JHEP03(2021)137
https://iopscience.iop.org/article/10.1088/1367-2630/15/5/053021
https://iopscience.iop.org/article/10.1088/1367-2630/15/5/053021
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Comparable to performance in 
Run1 [JHEP 03 (2018) 059]

https://arxiv.org/abs/2011.12041
https://dx.doi.org/10.1007/JHEP03(2021)137
https://link.springer.com/article/10.1007/JHEP03(2018)059


LHCb combination
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 ps-1Δms = 17.7656 ± 0.0057

• Statistically independent samples

• Detector-related uncertainties fully correlated

• Uncertainties from fixed parameters negligible

 [arXiv:2011.12041]B0
s → D−

s π+

 [JHEP 03 (2021) 137]B0
s → D−

s π+π+π−

 
           (stat.)  

     (syst.) ps-1

Δms = 17.7683
±0.0051
±0.0032

 
            (stat.)  

  (syst.) ps-1

Δms = 17.757
±0.007
±0.008

Systematic uncertainties

Decay length scale ~0.002 ps-1 

Momentum scale ~0.001 ps-1

VELO alignment ~0.002 ps-1 

(~0.007 ps-1) in Bs → D−
s π+(π+π−)

https://arxiv.org/abs/2011.12041
https://dx.doi.org/10.1007/JHEP03(2021)137
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Time-Dependent CP violation

[JHEP 03 (2021) 075]

[JHEP 03 (2021) 137]

https://dx.doi.org/10.1007/JHEP03(2021)075
https://dx.doi.org/10.1007/JHEP03(2021)137


Probing TD-CPV
dΓ
dt

∼ e−Γst{cosh ΔΓst
2 cos ΔmstCf

+ sinh ΔΓst
2 sin Δmst}AΔΓ

f Sf
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s
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 , e.g. 

• 


→  in the decay*

• , 


→  in the interference

f = f̄ f = f̄ = K+K−

Cf ≠ 0
CP

AΔΓ
f ≠ 0 Sf ≠ 0

CP

≠

 , e.g. 


• 


→ no  in the decay*


• ,  


→  in the interference

f ≠ f̄ f = D−
s K+(π+π−)

Cf = − Cf̄

CP
AΔΓ

f ≠ AΔΓ
f̄ Sf ≠ − Sf̄

CP
* no  in mixing is assumedCP

+_
+_
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s K+π+π− [JHEP 03 (2021) 075] B0
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• Reconstructed 70 310 ± 320  signal   decays in Run 2 and 
7500 ± 100 signal   decays in Run 1 + 2

B0
s → K+K−

B0
s → D−

s K+π+π−

https://dx.doi.org/10.1007/JHEP03(2021)137
https://dx.doi.org/10.1007/JHEP03(2021)075
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Cππ = −0.311± 0.045± 0.015,

Sππ = −0.706± 0.042± 0.013,

CKK = 0.164± 0.034± 0.014,

SKK = 0.123± 0.034± 0.015,

A∆Γ
KK = −0.83 ± 0.05 ± 0.09,

where the first uncertainties are statistical and the second systematic. The same data

sample is used to measure the time-integrated CP asymmetries of B0 → K + π− and

B0
s → K−π+ decays and the results are

AB0

CP = −0.0824± 0.0033± 0.0033,

AB0
s

CP = 0.236 ± 0.013 ± 0.011.

All results are consistent with earlier measurements. A combination of LHCb measurements

provides the first observation of time-dependent CP violation in B0
s decays.
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Fit parameter Value
Cf 0.631 ± 0.096 ± 0.032
A∆Γ

f −0.334 ± 0.232 ± 0.097
A∆Γ

f̄
−0.695 ± 0.215 ± 0.081

Sf −0.424 ± 0.135 ± 0.033
Sf̄ −0.463 ± 0.134 ± 0.031

Table 2. CP coefficients determined from the phase-space fit to the B0
s → D∓

s K
±π±π∓ decay-time

distribution. The uncertainties are statistical and systematic (discussed in section 6).

5.2 Time-dependent amplitude analysis

To perform the time-dependent amplitude fit, a signal PDF is employed which replaces
the phase-space integrated decay rate with the full decay rate given in eq. (2.10), but is
otherwise identical to the PDF used in section 5.1. Variations of the selection efficiency
over the phase space are incorporated by evaluating the likelihood normalisation integrals
with the Monte Carlo (MC) integration technique using fully simulated decays [30, 80–82].

The light meson spectrum comprises a large number of resonances potentially con-
tributing to the B0

s → D∓
s K

±π±π∓ decay in various decay topologies and angular momen-
tum configurations. The full list of considered intermediate-state amplitudes can be found
in table 8. A significant complication arises from the fact that two (quasi-independent)
amplitude models need to be developed simultaneously: one amplitude describes decays
via b → c (Ac(x)), the other decays via b → u (Au(x)) quark-level transitions. A model
building procedure is applied to obtain a good description of the observed phase-space
distribution while keeping the number of included amplitudes as small as possible. This
is accomplished in two stages. The first stage identifies the set of intermediate-state am-
plitudes contributing at a significant level to either decays via b → c or b → u quark-level
transitions or to both. To that end, the time-integrated and flavour-averaged phase-space
distribution is examined. A single total amplitude, Aeff(x) = ∑

i a
eff
i Ai(x), is sufficient

in this case, which effectively describes the incoherent superposition of the b → c and
b → u amplitudes, |Aeff(x)|2 = |Ac(x)|2 + r2 |Au(x)|2. This significantly simplified fitting
procedure allows the initial inclusion of the whole pool of considered intermediate-state
amplitudes, limiting the model complexity with the LASSO technique [30, 83, 84]. This
method adds a penalty term to the likelihood function,

− 2 logL → −2 logL+ λ
∑

i

√∫
|aeffi Ai(x)|2 dΦ4, (5.1)

which shrinks the amplitude coefficients towards zero. The optimal value for the LASSO
parameter λ, which controls the model complexity, is found by minimising the Bayesian
information criterion BIC(λ) = −2 logL + k logNSig [85], where NSig is the signal yield
and k is the number of amplitudes with a decay fraction above the threshold of 0.5%. The
amplitudes with a decay fraction above the threshold at the minimum BIC(λ) value are

– 14 –
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4.4σ evidence6.5σ observation
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0
7
5

Cππ Sππ AB0

CP AB0
s

CP CKK SKK A∆Γ
KK

Cππ 1

Sππ 0.405 1

AB0

CP −0.019 0.001 1

AB0
s

CP 0.014 −0.002 −0.063 1

CKK −0.009 −0.032 0.008 0.000 1

SKK −0.004 0.004 −0.007 0.002 0.007 1

A∆Γ
KK −0.019 −0.014 0.019 −0.003 0.027 0.043 1

Table 5. Correlation matrix for the CP violation parameters obtained from the combination with
Run-1 results.

related to the values of the input parameters in table 1, hence the corresponding systematic

uncertainties are removed from the covariance matrices of the two results, before combining

them. The systematic uncertainty due to these input parameters is included again by

summing the corresponding covariance matrix to the covariance matrix of the combination.

The results of the combination are:

Cππ = −0.320 ± 0.038,

Sππ = −0.672 ± 0.034,

AB0

CP = −0.0831± 0.0034,

AB0
s

CP = 0.225 ± 0.012,

CKK = 0.172 ± 0.031,

SKK = 0.139 ± 0.032,

A∆Γ
KK = −0.897 ± 0.087

and their correlation matrix is reported in table 5.

11 Concluding remarks

The time-dependent CP asymmetries of B0 → π+π− and B0
s → K+K− decays and the

time-integrated CP asymmetries in B0 → K+π− and B0
s → K−π+ decays are measured

using a data sample of pp collisions corresponding to an integrated luminosity of 1.9 fb−1,

collected with the LHCb detector at a centre-of-mass energy of 13TeV. The measurements

are compatible with previous LHCb determinations of the same quantities obtained with

Run 1 data [24] and are combined with them. The measurements of Cππ, Sππ, AB0

CP and

AB0
s

CP are in good agreement with previous results from other experiments [30–33] and are

the most precise from a single experiment to date.

A χ2 test statistic is used to determine the significance for (CKK , SKK , A∆Γ
KK) to

differ from (0, 0, −1) and for (CKK , SKK) to differ from (0, 0). The significance for the

combined LHCb results is found to be of 6.5 and 6.7 standard deviations, respectively. This

constitutes the first observation of time-dependent CP violation in decays of the B0
s meson.

– 27 –

Run 2 combined with Run 1

https://dx.doi.org/10.1007/JHEP03(2021)137
https://dx.doi.org/10.1007/JHEP03(2021)075
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•  results crosschecked with “simultaneous” and “per-event” methods in Run 2

•  measurement also performed through time-dependent amplitude 

analysis (direct extraction of CKM phase )

• More details about interpretation in terms of CKM phases in Wenbin Qian’s talk (Thursday)

B0
s → K+K−

B0
s → D−

s K+π+π−

γ

https://dx.doi.org/10.1007/JHEP03(2021)137
https://dx.doi.org/10.1007/JHEP03(2021)075
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•  system is an ideal laboratory to study time dependent 

•  [JHEP 03 (2021) 075]: first observation of TD-  in the 

•  [JHEP 03 (2021) 137]: 4.4σ evidence of TD- 


•  Enabled by LHCb excellent reconstruction of  oscillations

•  [arXiv:2011.12041]: combination of LHCb 

measurements of the  mixing frequency 
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Thank you for your attention!
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