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 CKM matrix

๏ Key test of the SM: Verify unitarity of CKM matrix
• Magnitudes: branching fractions or mixing frequencies 
• Phases: CP violation measurement
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 Opportunities for new physics
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 New Physics in B
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๏ New physics (NP) short-distance 
contributions can influence mixing

          
[PRD 86(2012)033008]

๏ Through B mixing, NP energy scales 
of up to 20 TeV for tree-level NP or 2 
TeV for NP in loops can be probed

[PRD 89(2014)033016]

mq
12 = mSM,q

12 ⋅ ΔNP
q

NP?

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.033008
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.89.033016
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 Decay of neutral  mesonB

direct CP CP in interference of mixing & decay

• Mass difference      oscillation frequency!
• Decay-width difference  

Δm(s) = MH − ML = 2 |M12 | →
ΔΓ(s) = ΓL − ΓH = 2 |Γ12 |cosϕ12

• Decay rate of initial  or B B̄

require time-dependent measurements!
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𝐵0𝑠 → 𝐷−𝑠 𝜋+ 𝐵0𝑠 → 𝐵0𝑠 → 𝐷−𝑠 𝜋+ Untagged

Nat. Phys. 18(2022)1-5

Δms = (17.7656 ± 0.0057) ps−1

๏ Benchmark for the flavor-tagged time-
dependent measurement  

๏ World-best measurement:

https://www.nature.com/articles/s41567-021-01394-x
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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)

➡ Experimentally 

         ACP(t) ∝ e− 1
2 Δm2

s σ2
t ⋅ (1 − 2ω) ⋅ (Cf cos(Δm(s)t) + ηf Sf 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

ηf

- CPV in decay or mixing if  

- For  transition, 

|λf | ≠ 1
b → cc̄q Sf ≈ sin 2β(s)
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๏ Same-side (SS) tagging: Use charge of K/  produced in the fragmentation
๏ Οpposite-side (OS) tagging: charge of leptons or hadrons from the other b 

hadrons

π

 Flavour tagging 

* tagging efficiency , mistag rate ϵtag ω
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 Decay-time resolution 
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~ 200 µm σp/p ∼ 0.4 %

๏ Decay time resolution dilutes oscillations, 𝒟 = exp(−
1
2

σ2
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EPJC79(2019)706

✓ Effective Gaussian resolution model: 
  as a function of per-event  (11 bins)σeff δt

• :  

•
 

B0 → ψK0
S σMC ∼ 60 fs

B0
s → J/ψKK & B0

s → ϕϕ

   σeff ∼ 42(3) fs → 𝒟 = 0.757

https://link.springer.com/article/10.1140/epjc/s10052-019-7159-8
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  in sin 2β B0 → ψK0
S

LHCb-PAPER-2023-013 
In preparation

๏ Tree diagram dominated: NP in mixing
๏ Three decay modes in  (CP-odd only)B0 → ψK0

S
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sWeight from Mass fit to subtract 
background
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  in sin 2β B0 → ψK0
S
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• The most precise measurement in 
single measurement to date

LHCb-PAPER-2023-013 
In preparation

๏ Simultaneous fits to the decay time of    B0
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  combinationssin 2β

*Belle II results is not included, which should not affect the current WA significantly 

• Consistent with other measurements, still statistical uncertainty limited
• LHCb results dominate the latest World Average



P. Li · FIND - CPV@EW Workshop·  12

  combinationssin 2β

*Belle II results is not included, which should not affect the current WA significantly 

• Consistent with other measurements, still statistical uncertainty limited
• LHCb results dominate the latest World Average
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  in    ϕs B0
s → J/ψϕ(KK) arXiv: 2308.01468 

submitted to PRL

๏ Golden model to measure  :  transition process ϕs b → cc̄s B0
s → J/ψϕ(KK)

๏ Sensitive to New Physics, small contribution could be clearly visible

•
• 2022 world average: 

  

• Tension between  measurements 
from different experiments 

−βSM
s = − 0.0368+0.0009

−0.0006 rad

ϕcc̄s,WA
s = (−0.049 ± 0.019) rad

ΔΓs
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http://www.apple.com/uk
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  in    ϕs B0
s → J/ψϕ(KK)

   , 𝒫(t, θK, θμ, ϕh |δt) ∝
10

∑
k=1

Nkhk(t)fk(θK, θμ, ϕh) → ϕs Δms, ΔΓs, Γs − Γd

• Time-dependent flavour-tagged angular analysis for B0
s → VV

arXiv: 2308.01468 
submitted to PRL
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* Amplitudes  based on helicity frame
to disentangle CP-odd and CP-even components

fk

http://www.apple.com/uk
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  in    ϕs B0
s → J/ψKK

• The most precise measurement in single channel to date
• Compatible with prediction assuming the SM
• No evidence of CP violation
• Consistent and combined with all LHCb measurements 

( )   B0
s → J/ψhh, D+

s D−
s , ψ(2S)KK ϕs = − 0.031 ± 0.018 rad

arXiv: 2308.01468 
submitted to PRL
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  polarisation dependent fit  ϕs

• Allow and  to differ in polarisation states
• Shows no evidence for any polarisation dependence

|λ | ϕs

๏ New physics effects can vary in different polarisation states

arXiv: 2308.01468 
submitted to PRL

http://www.apple.com/uk
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  combinations in  transitionϕs b → cc̄s
Previous World Average:
ϕcc̄s

s = − 0.049 ± 0.019 rad
ϕJ/ψKK

s = − 0.070 ± 0.022 rad

New World Average: (preliminary)
  (16%)

  (23%)
ϕcc̄s

s = − 0.050 ± 0.016 rad
ϕJ/ψKK

s = − 0.039 ± 0.017 rad

• Consistent with the Global fits with SM assumption

ϕCKMFitter
s ≈ − 2βs = (−0.0368+0.0006

−0.0009) rad ϕUTFitter
s = (−0.0370 ± 0.0010) rad
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  in  transitionϕs b → ss̄s
LHCb-PAPER-2023-001

๏ Benchmark channel  
proceeds via  transition
• Penguin dominated decay
• NP contributes in penguin or mixing 

process 

B0
s → ϕ(KK)ϕ(KK)

b → ss̄s
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๏ Similar analysis strategy as  
  flavour-tagged time-dependent angular analysis

B0
s → J/ψϕ(KK)

→
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https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/LHCb-PAPER-2023-001.html
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  in  transitionϕs b → ss̄s LHCb-PAPER-2023-001 
accepted by PRL

, 

• 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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  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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21

 Effective lifetime measurements in B0
s → J/ψη

• -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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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
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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)
LHCb-PAPER-2023-025 

in preparation

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

8 decay-time bins,  
for time acceptance

Ar

http://cdsweb.cern.ch/search?ln=en&p=LHCB-PAPER-2023-025*&f=&action_search=Search&c=LHCb+Publication+Drafts
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  Looking at future

LHCb-PUB-2018-009  
BelleII physics book  

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

CMS-PAS-FTR-18-041

๏ Further precision improvement with more data and more decay modes
๏ Great opportunities to search for NP indirectly, up to > TeV scale 

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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 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) 

flavor symmetry  

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

ϕs ϕd (sin 2β)

J.Phys.G 48 (2021) 6, 065002 

https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%202010.14423&ui-citation-summary=true&ui-exclude-self-citations=true
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 Summary
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✓ LHCb dominates the world average of many CPV measurements 
✓ Flag-ship time-dependent measurements of CP violation in -meson decays 

with full LHCb data sample, providing the most precise results for 
✓  in  transition, 

✓   in penguin dominant  decays

✓

✓ New results for  and 
✓ Looking forward to further test of the SM and search for new physics with more 

data from Upgrade I & II

B

ϕs b → cc̄s σ(ϕs) ∼ 20 mrad

ϕss̄s
s B

sin 2β = 0.716 ± 0.013(stat.) ± 0.008(syst.)
ΔΓs ΓL

Thanks for your attention！
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 Systematics for sin 2β
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LHCb-PAPER-2023-013 
in preparation
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 Time-dependent angular fit
   , 𝒫(t, θK, θμ, ϕh |δt) ∝

10

∑
k=1

Nkhk(t)fk(θK, θμ, ϕh) → ϕs Δms, ΔΓs, Γs − Γd

EPJC79(2019)706

Angular amplitudes

 involve strong and weak phases 
( ) of each component

ak, bk, ck, dk
δ, ϕs

 account for the interference 
between P- and S- wave

Ck
SP

time-dependent oscillation

decay-time resolution

flavor tagging

decay-time efficiency

https://link.springer.com/article/10.1140/epjc/s10052-019-7159-8
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 Systematics for ϕs
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•  are statistically limitedϕs, |λ | , ΔΓs, Δms

arXiv: 2308.01468 
submitted to PRL

http://www.apple.com/uk
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 Systematics for ϕss̄s
s
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LHCb-PAPER-2023-001 
accepted by PRL

https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/LHCb-PAPER-2023-001.html
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LHCb

Modelled by cubic splines:  
knots at 0.3, 0.91, 1.96, 9 ps
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 Decay time & angular efficiencies
๏ Reconstruction and selection criteria introduce non-uniform efficiency 

εB0
s

data(t) = εB0

data(t) ×
εB0

s
sim(t)

εB0
sim(t)

EPJC79(2019)706

  f(t) ∝ ε(t) ⋅ e−t/τ ⊗ G(0,σt)

๏ Decay-time efficiencies: 
    Data driven method

๏ Angular efficiencies for  decays 
estimated with simulation

B0
s

B0
s → J/ψKK

B0
s → J/ψKK

https://link.springer.com/article/10.1140/epjc/s10052-019-7159-8

