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 Outline
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๏ Introduction 

๏ Time-dependent CPV in  sector

๏ Time-dependent CPV in charm sector

๏ Summary 
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 CKM matrix

3

๏Key test of the SM: Verify unitarity of CKM matrix
•Magnitudes: branching fractions or mixing frequencies 
•Phases: CP violation measurement

๏Sensitive probe for new physics 
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 Neutral meson oscillation

๏ Neutral  mesons can oscillate through box diagramsB0
(s)

• Time evolution:

4
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• Mass eigenstates (H, L) are admixtures of the flavor eigenstates 
                 ( , )

                 if CP conserved in mixing

• Mass difference      oscillation frequency!

• Decay-width difference  

|B0
q,L/H⟩ = p |B0

q⟩ ± q | B̄0
q⟩ p, q ∈ ℂ |p |2 + |q |2 = 1

→ |p/q | = 1

Δm(s) = MH − ML = 2 |M12 | →
ΔΓ(s) = ΓL − ΓH = 2 |Γ12 |cosϕmixing

 Neutral meson oscillation

๏ Neutral  mesons can oscillate through box diagramsB0
(s)

• Time evolution:

4
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 Measurement of  oscillationsB0
s − B̄0

s
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LHCb6 fb−1

𝐵0𝑠 → 𝐷−𝑠 𝜋+ 𝐵0𝑠 → 𝐵0𝑠 → 𝐷−𝑠 𝜋+ UntaggedNat. Phys. 18(2022)1-5

• Flavour at production (t=0) could be difference from flavour at decay time t

                           

• , most precise measurement to date!

|B0
s,H/L(t)⟩ = e−iMH/Lt−ΓH/Lt/2 |B0

s,H/L⟩

Δms = (17.7656 ± 0.0057) ps−1

5

https://www.nature.com/articles/s41567-021-01394-x
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 Effective lifetime measurements in B0
s → J/ψη′ 

• Simultaneous analysis of -even decay  and -odd 
decay  to determine 

• Fit to the ratio of decay time  in 8 bins

CP B0
s → J/ψ(μ+μ−)η′ (π+π−γ) CP

B0
s → J/ψρ0 ΔΓs

R(t)
JHEP 05 (2024) 253

Agree with the World Average: 0.074 ± 0.006 ps−1

8 decay-time bins,  
for time acceptance

Ar

https://doi.org/10.1007/JHEP05(2024)253


P. Li ·Time-dependent CPV at LHCb· 2024-08-16  

 CP violation in  systemB0
(s)

๏ CP-violating nature of weak interaction has multiple manifestations
๏ Requires two interfering amplitudes with different strong and weak phases 

7
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 CP violation in  systemB0
(s)

๏ CP-violating nature of weak interaction has multiple manifestations
๏ Requires two interfering amplitudes with different strong and weak phases 

time-dependent 
measurement!

7
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 Time-dependent CP asymmetry

ACP(t) =
Γ(B̄0

(s) → f ) − Γ(B0
(s) → f )

Γ(B̄0
(s) → f ) + Γ(B0

(s) → f )
∝ Cf cos(Δm(s)t) + ηf Sf sin(Δm(s)t)

- CPV in decay or mixing if  
- For  transition, 

|λf | ≠ 1
b → cc̄q Sf ≈ sin 2β(s)

(direct CPV)
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 Time-dependent CP asymmetry

ACP(t) =
Γ(B̄0

(s) → f ) − Γ(B0
(s) → f )

Γ(B̄0
(s) → f ) + Γ(B0

(s) → f )
∝ Cf cos(Δm(s)t) + ηf Sf sin(Δm(s)t)

- CPV in decay or mixing if  
- For  transition, 

|λf | ≠ 1
b → cc̄q Sf ≈ sin 2β(s)

➡ Experimentally 

         ACP(t) ∝ e− 1
2 Δm2

s σ2
t ⋅ (1 − 2ω) ⋅ (Cf cos(Δm(s)t)+ηfSf sin(Δm(s)t))

• Flavour tagging of  at production: probability of wrong tag  

• Excellent decay-time resolution  (vertex resolution)

• CP eigenvalue of the final state 

B0
(s) ω

σt
ηf

(direct CPV)
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 Flavour tagging 

๏ Οpposite-side (OS) tagging: charge of 
leptons or hadrons from the other b 
hadrons

A ML-based statistical tool enables the identification of the B production flavour, allowing us to 
measure interference CP violation 

๏ Same-side (SS) tagging: Use charge of 
K/  produced in the fragmentationπ
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 Flavour tagging 

๏ Οpposite-side (OS) tagging: charge of 
leptons or hadrons from the other b 
hadrons

* tagging efficiency , mistag rate ϵtag ω

A ML-based statistical tool enables the identification of the B production flavour, allowing us to 
measure interference CP violation 

๏ Same-side (SS) tagging: Use charge of 
K/  produced in the fragmentationπ
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 Decay-time resolution 

μ+

μ−

K−
K+

t =
L ⋅ m

p
 + δ2

t = (
m
p

)2σ2
L (

t
p

)2σ2
p

~ 200 µm σp/p ∼ 0.4 %

L

๏ Decay time resolution dilutes oscillations, 

๏ Significant for  system, negligible for 

𝒟 = exp(−
1
2

σ2
effΔm2

s )

B0
s B0

10
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 Decay-time resolution 
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t =
L ⋅ m

p
 + δ2

t = (
m
p

)2σ2
L (

t
p

)2σ2
p

~ 200 µm σp/p ∼ 0.4 %

• Effective Gaussian resolution model: 
     as a function of  (11 bins)σeff δt

L

EPJC79(2019)706

๏ Decay time resolution dilutes oscillations, 

๏ Significant for  system, negligible for 

𝒟 = exp(−
1
2

σ2
effΔm2

s )

B0
s B0

   

  

σeff(B0
s ) ∼ 43 fs → 𝒟 = 0.757

σeff(B0) ∼ 60 fs → 𝒟 ∼ 1

10

https://link.springer.com/article/10.1140/epjc/s10052-019-7159-8
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 sin 2β
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NP

• Decay mode  (CP-odd only) offers a theoretically clean access to the CKM angle B0 → ψK0
S β

  ∝ − ηf ⋅ sin2β⋅ sin(Δmt)

(penguin contributions )
S = sin(2β + Δϕd + ΔϕNP

d )
Δϕd ∼ 0.5 deg

Phys. Rev. Lett. 132 (2024) 021801

https://doi.org/10.1103/PhysRevLett.132.021801
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 sin 2β

11

NP

• Decay mode  (CP-odd only) offers a theoretically clean access to the CKM angle B0 → ψK0
S β

• Consistent with other measurements, still statistical 
uncertainty limited

• LHCb results dominate the latest World Average

  ∝ − ηf ⋅ sin2β⋅ sin(Δmt)

SRun 2
ψK0

S
= 0.716 ± 0.013 ± 0.008

CRun 2
ψK0

S
= 0.012 ± 0.012 ± 0.003
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sin 2β
(penguin contributions )
S = sin(2β + Δϕd + ΔϕNP

d )
Δϕd ∼ 0.5 deg

Phys. Rev. Lett. 132 (2024) 021801

https://doi.org/10.1103/PhysRevLett.132.021801
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  in  transitionϕs b → cc̄s

12

๏ SM predicts:  

• Highly suppressed than in  system (β ~22°) 
ϕCKMFitter

s ≈ − 2βs = (−0.0368+0.0006
−0.0009) rad

B0

VusV
⇤
ub + VcsV

⇤
cb + VtsV

⇤
tb = 0

<latexit sha1_base64="ih5kM5n8HRZaiC9ChWTZIYTwpWk=">AAACLHicbVDLSsNAFJ3UV62vqks3wSKIQk2koBuh6MZlBfuANpbJdNIOnUzCzI1QQj7D3/AH3OofuBFx2+9wkkaw1QMznHPuvdyZ44acKbCsD6OwtLyyulZcL21sbm3vlHf3WiqIJKFNEvBAdlysKGeCNoEBp51QUuy7nLbd8U1abz9SqVgg7mESUsfHQ8E8RjBoq18+a/XjSCXp7SYPJ6eakEySHwmZhFReWaV+uWJVrQzmX2LnpIJyNPrlaW8QkMinAgjHSnVtKwQnxhIY4TQp9SJFQ0zGeEi7mgrsU+XE2ccS80g7A9MLpD4CzMz9PRFjX6mJ7+pOH8NILdZS879aNwLv0omZCCOggswWeRE3ITDTlMwBk5QAn2iCiWT6rSYZYYkJ6Czntnh0IvwwSYOxF2P4S1rnVbtWrd3VKvXrPKIiOkCH6BjZ6ALV0S1qoCYi6Am9oFf0Zjwb78an8TVrLRj5zD6agzH9BhMkqJA=</latexit>

ϕs ≈ − 2βs = 2arg(−
VtsV*tb
VcsV*cb

)

(ignoring penguin contribution)

  ∝ − ηf ⋅ sinϕs⋅ sin(Δmst)

• Golden mode: B0
s → J/ψϕ

Phys. Rev. Lett. 132 (2024) 051802

(mix of CP-even & CP-odd)

https://doi.org/10.1103/PhysRevLett.132.051802
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  in  transitionϕs b → cc̄s

12

๏ SM predicts:  

• Highly suppressed than in  system (β ~22°) 
ϕCKMFitter

s ≈ − 2βs = (−0.0368+0.0006
−0.0009) rad

B0

New World Average: (  16%)
 

↑
ϕcc̄s

s = − 0.050 ± 0.016 rad

• World-best measurements, consistent with SM predictions
• Still statistical limited

VusV
⇤
ub + VcsV

⇤
cb + VtsV

⇤
tb = 0
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ϕs ≈ − 2βs = 2arg(−
VtsV*tb
VcsV*cb

)

(ignoring penguin contribution)

  ∝ − ηf ⋅ sinϕs⋅ sin(Δmst)

• Golden mode: B0
s → J/ψϕ

LHCb combination: 
 ϕcc̄s

s = − 0.031 ± 0.018 rad

Phys. Rev. Lett. 132 (2024) 051802

(mix of CP-even & CP-odd)

https://doi.org/10.1103/PhysRevLett.132.051802
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  in  transitionϕs b → ss̄s

, 

• The most precise measurement in any penguin 
dominated  decays

• No polarisation dependence is observed

ϕss̄s
s = − 0.042 ± 0.075 ± 0.009 rad

|λ | = 1.004 ± ±0.030 ± 0.009

B
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Phys. Rev. Lett.131 (2023) 171802
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๏ Benchmark channel  
proceeds via  transition

• Penguin dominated decay
• NP contributes in penguin or mixing process 

B0
s → ϕ(KK)ϕ(KK)

b → ss̄s

๏ Similar analysis strategy as B0
s → J/ψϕ(KK)

https://doi.org/10.1103/PhysRevLett.131.171802
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 CP violation in charm sector
•GIM mechanism very effective for charm decays, SM loops highly suppressed
•Tiny weak phases in first two generations of CKM matrix (< 𝜆b∼ 0.1%)

•Oscillation and CPV ( ) 
•Long distance contribution comparable/larger than short distance

≤ 10−3
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 CP violation in charm sector
•GIM mechanism very effective for charm decays, SM loops highly suppressed
•Tiny weak phases in first two generations of CKM matrix (< 𝜆b∼ 0.1%)

•Oscillation and CPV ( ) 
•Long distance contribution comparable/larger than short distance

≤ 10−3
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π+π−π0

15

 Time-dependent CP violation in D0 → π+π−π0
arXiv:2405.06556

•First measurement of time-dependent CP violation in SCS mode

https://arxiv.org/pdf/2405.06556
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π+π−π0

15

 Time-dependent CP violation in D0 → π+π−π0
arXiv:2405.06556

•First measurement of time-dependent CP violation in SCS mode

ΔY ≡ ηCPΔYfCP
= (−1.3 ± 6.3 ± 2.4) × 10−4

•No evidence for time-dependent CP violation, 
constant with world average

https://arxiv.org/pdf/2405.06556
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 Time-dependent CP violation in D0 → Kπ
•Interference between mixing and decay for favoured RS and suppressed WS decays
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 Time-dependent CP violation in D0 → Kπ
arXiv:2407.18001

•  Measured with yields: RS ~400 M, WS ~1.6 M

https://arxiv.org/pdf/2407.18001
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  Looking at Run 3 and beyond  
~  

~1 visible interaction/bunch-crossing
ℒmax ∼ 4 × 1032 cm−2s−1 ~  

~5 visible interaction/Xing
ℒmax ∼ 2 × 1033 cm−2s−1 ~  

~40 visible interaction/bunch-crossing
ℒmax ∼ 1.5 × 1034 cm−2s−1

Now

18
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  Looking at Run 3 and beyond  
~  

~1 visible interaction/bunch-crossing
ℒmax ∼ 4 × 1032 cm−2s−1 ~  

~5 visible interaction/Xing
ℒmax ∼ 2 × 1033 cm−2s−1 ~  

~40 visible interaction/bunch-crossing
ℒmax ∼ 1.5 × 1034 cm−2s−1

Now

LHCb-PUB-2018-009  
BelleII physics book  

LHCb-PUB-2018-009 
ATL-PHYS-PUB-2018-041 

CMS-PAS-FTR-18-041

18

https://cds.cern.ch/record/2636441
https://arxiv.org/abs/1808.10567
https://cds.cern.ch/record/2636441
https://inspirehep.net/literature/1795259
https://cds.cern.ch/record/2650772?ln=en
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 Summary

✓ LHCb dominates the world average of many measurements in CKM and CPV
✓ Flag-ship time-dependent measurement of CP violation in  and  decays with full 

LHCb data sample, providing the most precise results
✓ Run 3 is running, looking forward to further test of the SM and search for new physics 

B0
(s) D0

Thanks for your attention！
19
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 LHCb detector
General purpose detector specialised in beauty and charm hadrons

LHCb performance:  
JINST 14 (2019) P04013

2 < η < 5
proton beam

21

https://iopscience.iop.org/article/10.1088/1748-0221/14/04/P04013
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 LHCb detector
General purpose detector specialised in beauty and charm hadrons

LHCb performance:  
JINST 14 (2019) P04013

2 < η < 5

• Daughters of b & c hadron decays: , flight distance L~1mmpT ∼ 𝒪(1 GeV/c)

proton beam

collision point

21

https://iopscience.iop.org/article/10.1088/1748-0221/14/04/P04013
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 LHCb detector

Excellent decay time 
resolution ~ 43 fs for B0

s
Precise vertex 
measurements, 

~ 35 µm σ(IPx)

General purpose detector specialised in beauty and charm hadrons

LHCb performance:  
JINST 14 (2019) P04013

2 < η < 5

• Daughters of b & c hadron decays: , flight distance L~1mmpT ∼ 𝒪(1 GeV/c)

proton beam

collision point

21

https://iopscience.iop.org/article/10.1088/1748-0221/14/04/P04013


P. Li ·Time-dependent CPV at LHCb· 2024-08-16  

 LHCb detector

Excellent decay time 
resolution ~ 43 fs for B0

s
Precise vertex 
measurements, 

~ 35 µm σ(IPx)

Excellent momentum 
resolution ~ 0.5%

General purpose detector specialised in beauty and charm hadrons

LHCb performance:  
JINST 14 (2019) P04013

2 < η < 5

• Daughters of b & c hadron decays: , flight distance L~1mmpT ∼ 𝒪(1 GeV/c)

proton beam

collision point
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 Control of penguin contribution  
๏  comparable with the theoretical estimation of , 

better control of penguin effect necessary
๏ Combined analysis of penguin contributions in  and , using SU(3) flavour 

symmetry  

σ(ϕs) ∼ 0.016 Δϕpenguin
s ∼ 1∘ ≈ 0.017

ϕs ϕd (sin 2β)

J.Phys.G 48 (2021) 6, 065002 
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  asymmetry in CP B0
(s) → h+h−

JHEP03(2021)075

• Simultaneous fit to the invariant mass,  decay time and tagging decision for 
, providing constraints to 

• The first observation of time-dependent CP violation in  decay

B0
(s)

B0 → π+π−, B0
s → K+K−, B0

(s) → Kπ α, γ, sin 2βs
B0

s

5 fb−1

Analysis of full 
Run 2 data in 
progress

https://arxiv.org/pdf/2012.05319.pdf
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 Effective lifetime measurements in B0
s → J/ψη
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• -even decay  allows to determine 

• Simultaneous fit to invariant mass and decay time
CP B0

s → J/ψ(μ+μ−)η(γγ) τL = 1/ΓL

EPJC83 (2023) 629
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SM Prediction
JHEP 07 (2020) 177
JHEP 12 (2017) 068
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Agree with the SM prediction and other 
measurements

https://doi.org/10.1140/epjc/s10052-023-11634-4

