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• The Standard Model remarkably successful 
at describing the particles of nature and the 
forces between them.
• But, it cannot be the end of the line.

• Dark matter ?
• BAU (Baryon Asymmetry in the Universe)
• Hierarchy problem
• Explanation of family structure, and masses 
• …
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• Worldwide push to uncover “New Physics”.

• Indirect precision measurements 
complementary to direct detection.
• Even if NP > ELHC (can’t produce directly),

NP particles can appear in quantum loops, 

• Examples
• Precision EW  mH
• B mixing  mtop

General idea
• Identify/measure “SM-clean” observables to high precision.
• Pattern of (non-)deviations  possible NP explanations.
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 CKM matrix connects weak interaction eigenstates to the mass eigenstates:
 3 x 3 unitary transformation  4 free parameters
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  ≠ 0  Violation of CP 
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 Interference between two amplitudes that have different weak and strong phases.

 𝑨𝒇𝑪𝑷 ൌ
𝚪 𝑩→𝒇 ି𝚪ത  ሺ𝑩ഥ→𝒇തሻ
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𝜞 ൌ |𝑨𝟏 ൅ 𝑨𝟐|𝟐 𝜞ഥ ൌ |𝑨ഥ𝟏 ൅ 𝑨ഥ𝟐|𝟐

𝑨𝝍𝑲𝑺
𝑪𝑷 𝐭 ൌ 𝑪𝒄𝒐𝒔 𝜟𝒎 𝒕 ൅ 𝑺 𝐬𝐢𝐧 𝜟𝒎 𝒕

Expect:
CSM ~ 0
𝐒𝐒𝐌 ൌ െ𝐬𝐢𝐧 𝟐𝜷
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TREE-LEVEL

𝑏 → 𝑐,𝑢 ℓ𝜈:                𝜌ଶ ൅ 𝜂ଶ

CPV in "𝐵 → DK ":         𝛾 

LOOP-MEDIATED

Δ𝑚ௗ ,Δ𝑚௦:                   ሺ1 െ 𝜌ሻଶ൅𝜂ଶ

CPV in "𝐵 → 𝜓𝐾ௌ":     sin ሺ2𝛽ሻ

Both sets of measurements
THEORETICALLY CLEAN

(very small hadronic unc.)
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TREE-LEVEL

𝑏 → 𝑐,𝑢 ℓ𝜈:                𝜌ଶ ൅ 𝜂ଶ
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CPV in "𝐵 → 𝜓𝐾ௌ":     sin ሺ2𝛽ሻ

Both sets of measurements
THEORETICALLY CLEAN

(very small hadronic unc.)

CKM Objectives:
 Precision measurement of 𝝆ഥ,𝜼ഥ  with 

different modes.
 Does 𝝆ഥ,𝜼ഥ ୐୭୭୮ ൌ 𝝆ഥ,𝜼ഥ ୘୰ୣୣ ?

𝐵ത௦ 𝐵௦

𝑏

𝑏𝑠

𝑠



Recent CKM measurements from the LHC (since 2021)
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𝜸
LHCb

𝐵േ → 𝐷 𝛾,𝜋଴ ஽∗ℎേ, 
𝐷 → 𝐾ௌ଴ℎାℎି

LHCb‐PAPER‐2023‐012

𝐵଴ → 𝐾ௌ଴ℎାℎି 𝐾ା𝜋ି ௄∗

LHCb‐PAPER‐2023‐009

𝐵േ → 𝐾ା𝐾ି𝜋ା𝜋ି ℎേ
𝐵േ → 𝜋ା𝜋ି𝜋ା𝜋ି ℎേ

arXiv:2301.10328

𝐵േ → 𝐾∓𝜋േ𝜋േ𝜋∓ ℎേ
arXiv:2209.03692

𝐵േ → ℎേℎ′∓𝜋଴ ℎേ
JHEP 07, 99 (2022)

LHCb γ combination
JHEP 12, 141 (2021)

𝐵േ → 𝐷ሺ∗ሻℎേ,𝐷 → ℎേℎ′∓
JHEP 04, 081 (2021)

𝐵௦ → 𝐷ௌ
േℎേ𝜋േ𝜋∓, 

JHEP 03, 137 (2021)

𝐵േ → 𝐾ௌ଴ℎାℎି ℎേ
JHEP 02, 169 (2021)

Vub / Vcb
LHCb

𝐵௦ → 𝐾ି𝜇ା𝜈ఓ
PRL 126, 081804 (2021)

𝐬𝐢𝐧ሺ𝟐𝜷𝒔ሻ𝐬𝐢𝐧ሺ𝟐𝜷ሻ
ATLASCMSLHCbLHCb

𝐵௦଴ → 𝐽/𝜓ሺ𝐾ା𝐾ିሻథ
EPJ C81, 342 (2021)

𝐵௦଴ → 𝐽/𝜓ሺ𝐾ା𝐾ିሻథ
PLB 816, 136188 (2021) 

𝐵௦଴ → 𝐽/𝜓ሺ𝐾ା𝐾ିሻథ
LHCb‐PAPER‐2023‐013

𝐵଴ → 𝜓 ℓାℓି 𝐾ௌ଴
LHCb‐PAPER‐2023‐013

 No way to cover all of this, apologies!
Many CKM measurements pre-2021, see public pages:

LHCb, CMS, ATLAS

∆𝒎𝒔

LHCb
𝐵௦ → 𝐷௦ା𝜋ି

Nature Physics 18 (2022)

𝑽𝒕𝒃
ATLAS

𝑆𝑖𝑛𝑔𝑙𝑒 𝑡𝑜𝑝
ATLAS‐CONF‐2023‐026
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Gamma, Introduction
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 “BDK” represents a full class of decays:
 𝑓஽ must be accessible to both 𝐷଴ and 𝐷ഥ଴.

LHCb 𝜸 combination, JHEP 12 (2021)

𝑓஽

Modes, 𝒇𝑫
D଴ → Kିπା, KାπିADS

D଴ → KିKା,πାπିGLW

Kௌ
଴πାπି, Kௌ

଴KାKିGGSZ

Multi‐body + other variants!

Many decays used in LHCb,
including B0 and Bs decays
(time-dependent analysis req’d)

B0

Bs

𝑩േ

𝒜஻ష ൌ 𝐴஻ష 𝐴஽బ ൅ 𝑟஻𝑒
௜ ఋಳ ିఊ 𝐴஽ഥబ
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including B0 and Bs decays
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Bottom line: Each analysis has a number of CP observables that are 
sensitive to the B, D decay parameters, and .
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and
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decays
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LHCb, arXiv:2301.10328



േ ା ି ା ି ା ି ା ି
𝐃 { േ, േ} [1]

12

 Four-body self-conjugate mode  

LHCb, arXiv:2301.10328

𝒜஻ష ൌ 𝐴஻ష 𝐴஽బ Φ ൅ 𝑟஻ 𝑒
௜ ఋಳ ିఊ 𝐴஽ഥబ Φ Φ ൌ position in 5D phase space (PS) of D decay

[1] LHCb, JHEP 02, 126 (2019)
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𝐵ା → 𝑓஽𝐾ା:     𝑁ା௜ା ൌ ℎ஻శ 𝐹 ௜ ൅ 𝑥ା ଶ ൅ 𝑦ା ଶ 𝐹ା௜ ൅ 2 𝐹ା௜𝐹 ௜ 𝑥ା𝑐௜ െ 𝑦ା𝑠௜

𝐵ି → 𝑓஽𝐾ି:     𝑁ି௜ି ൌ ℎ஻ష 𝐹 ௜ ൅ 𝑥ି ଶ ൅ 𝑦ି ଶ 𝐹ା௜ ൅ 2 𝐹ା௜𝐹 ௜ 𝑥ି𝑐௜ െ 𝑦 𝑠௜

 Yields of 𝐵ା, 𝐵ି in a phase space bin i:
𝑥േ ൌ 𝑟஻ cosሺ𝛿஻ േ 𝛾ሻ
𝑦േ ൌ 𝑟஻ sinሺ𝛿஻ േ 𝛾ሻ

ሼ𝑐௜ , 𝑠௜ሽ ≡
׬ 𝑑Φ 𝐴஽బ 𝐴஽ഥబ ሼ cos∆𝛿஽,  sin∆𝛿஽ ሽ ௜

׬ 𝑑Φ 𝐴஽ഥబ ଶ ௜ ׬ 𝑑Φ 𝐴஽బ ଶ
௜
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׬ 𝑑Φ 𝐴஽ഥబ ଶ ௜ ׬ 𝑑Φ 𝐴஽బ ଶ
௜

𝐴஽ሺ𝑚௄௄ ,𝑚గగ,𝜃గ,𝜃௄ ,𝜙ሻ

𝐷଴

𝐷ഥ଴ Φହ஽
ሺ𝐵ି → 𝐾ା𝐾ି𝜋ା𝜋ି ୈ 𝜇ି𝜈𝑋ሻ 

𝑟஽ ൌ 𝐴஽/𝐴஽ഥ , 

Δ𝛿஽ Φ ൌ 𝛿஽ െ 𝛿஽ഥ



േ ା ି ା ି ା ି ା ି
𝐃 { േ, േ}   [1]

12

 Four-body self-conjugate mode  

LHCb, arXiv:2301.10328

𝒜஻ష ൌ 𝐴஻ష 𝐴஽బ Φ ൅ 𝑟஻ 𝑒
௜ ఋಳ ିఊ 𝐴஽ഥబ Φ Φ ൌ position in 5D phase space (PS) of D decay

[1] LHCb, JHEP 02, 126 (2019)

 Use indep. D0 amplitude fit[1] to 𝑩ି → 𝑲ା𝑲ି𝝅ା𝝅ି 𝑫 𝝁ି𝝂𝑿 to 
optimize binning for max sensitivity to 𝜸 and obtain 𝒄𝒊, 𝒔𝒊 and 𝑭𝒊

𝐵ା → 𝑓஽𝐾ା:     𝑁ା௜ା ൌ ℎ஻శ 𝐹 ௜ ൅ 𝑥ା ଶ ൅ 𝑦ା ଶ 𝐹ା௜ ൅ 2 𝐹ା௜𝐹 ௜ 𝑥ା𝑐௜ െ 𝑦ା𝑠௜

𝐵ି → 𝑓஽𝐾ି:     𝑁ି௜ି ൌ ℎ஻ష 𝐹 ௜ ൅ 𝑥ି ଶ ൅ 𝑦ି ଶ 𝐹ା௜ ൅ 2 𝐹ା௜𝐹 ௜ 𝑥ି𝑐௜ െ 𝑦 𝑠௜

 Yields of 𝐵ା, 𝐵ି in a phase space bin i:
𝑥േ ൌ 𝑟஻ cosሺ𝛿஻ േ 𝛾ሻ
𝑦േ ൌ 𝑟஻ sinሺ𝛿஻ േ 𝛾ሻ

ሼ𝑐௜ , 𝑠௜ሽ ≡
׬ 𝑑Φ 𝐴஽బ 𝐴஽ഥబ ሼ cos∆𝛿஽,  sin∆𝛿஽ ሽ ௜

׬ 𝑑Φ 𝐴஽ഥబ ଶ ௜ ׬ 𝑑Φ 𝐴஽బ ଶ
௜

𝐴஽ሺ𝑚௄௄ ,𝑚గగ,𝜃గ,𝜃௄ ,𝜙ሻ

𝐷଴

𝐷ഥ଴ Φହ஽
ሺ𝐵ି → 𝐾ା𝐾ି𝜋ା𝜋ି ୈ 𝜇ି𝜈𝑋ሻ 

𝑟஽ ൌ 𝐴஽/𝐴஽ഥ , 

Δ𝛿஽ Φ ൌ 𝛿஽ െ 𝛿஽ഥ

 ~90% of sensitivity to  retained with optimal binning.

0
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 Fit also includes CPV observables based on integrated yields

 𝜅 ൌ 2Fେ୔ା െ 1 ൌ dilution from integration over PSሾ2ሿ

 Similar expression for 𝐷 → 𝜋ା𝜋ି𝜋ା𝜋ି

𝐴௛௄௄గగ ൌ
Γሺ𝐵ି → 𝐷ℎିሻ െ Γሺ𝐵ା → 𝐷ℎାሻ
Γሺ𝐵ି → 𝐷ℎିሻ ൅ Γሺ𝐵ା → 𝐷ℎାሻ ൌ

2𝑟஻஽௛𝜅 sin 𝛿஻஽௛ sin 𝛾
1 ൅ ሺ𝑟஻஽௛ሻଶ ൅ 2𝑟஻஽௛𝜅 cos 𝛿஻஽௛ cos 𝛾

𝑅஼௉௄௄గగ ൌ
𝑅௄௄గగ
𝑅௄గగగ

ൌ 1 ൅ ሺ𝑟஻஽௄ሻଶ ൅ 2𝑟஻஽௄𝜅 cos 𝛿஻஽௄ cos 𝛾 ,                 𝑅௙ൌ
Γሺ𝐵ି → 𝑓஽𝐾ିሻ ൅ Γሺ𝐵ା → 𝑓஽𝐾ାሻ
Γሺ𝐵ି → 𝑓஽𝜋ିሻ ൅ Γሺ𝐵ା → 𝑓஽𝜋ାሻ

ℎ ൌ 𝐾,𝜋

LHCb, arXiv:2301.10328

[2] LHCb, arXiv:2209.03692, LHCb, PLB 747 (2015) 
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Fit results ሺ𝑲ା𝑲ି𝝅ା𝝅ିሻCPV observable
(9.3 േ 2.3 േ 0.2ሻ%𝐴௄௄௄గగ

0.974 േ 0.024 േ 0.015𝑅஼௉௄௄గగ

(െ0.9 േ 0.6 േ 0.1ሻ%𝐴గ௄௄గగ

Fit results ሺ𝝅ା𝝅ି𝝅ା𝝅ିሻCPV observable
(6.0 േ 1.3 േ 0.1ሻ%𝐴௄గగగగ

0.978 േ 0.014 േ 0.010𝑅஼௉గగగగ

(െ0.82 േ 0.31 േ 0.07ሻ%𝐴గగగగగ

LHCb, arXiv:2301.10328

[2] LHCb, arXiv:2209.03692, LHCb, PLB 747 (2015) 
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𝑥േ஽௄ ൌ 𝑟஻஽௄ cos 𝛿஻஽௄ േ 𝛾 ,

𝑦േ஽௄ ൌ 𝑟஻஽௄ sinሺ𝛿஻஽௄ േ 𝛾ሻ

 Fit for best (𝑥േ஽௄, 𝑦േ஽௄) given 
the observed yields in each bin i.

𝑁ା௜ା ሺ𝑥ା஽௄, 𝑦ା஽௄ሻ ൌ ℎ஻శ 𝐹 ௜ ൅ 𝑥ା஽௄ ଶ ൅ 𝑦ା஽௄ ଶ 𝐹ା௜ ൅ 2 𝐹ା௜𝐹 ௜ 𝑥ା஽௄𝑐௜ െ 𝑦ା஽௄𝑠௜

𝑁ି௜ି  ሺ𝑥ି஽௄, 𝑦஽௄ሻ ൌ ℎ஻ష 𝐹 ௜ ൅ 𝑥ି஽௄ ଶ ൅ 𝑦஽௄ ଶ 𝐹ା௜ ൅ 2 𝐹ା௜𝐹 ௜ 𝑥ି஽௄𝑐௜ െ 𝑦ି஽௄𝑠௜

𝑩ି𝑩ା

Statistical error 
dominant on
𝑥േ஽௄, 𝑦േ஽௄

(𝒙ି𝑫𝑲, 𝒚ି𝑫𝑲) 

(𝒙ା𝑫𝑲, 𝒚ା𝑫𝑲) 

LHCb, arXiv:2301.10328
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No CPV

Asym ൌ
𝑁௜ି െ 𝑁ି௜ା

𝑁௜ି ൅ 𝑁ି௜ା

 Fit for best (𝑥േ஽௄, 𝑦േ஽௄) given 
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(𝒙ା𝑫𝑲, 𝒚ା𝑫𝑲) 

LHCb, arXiv:2301.10328
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 Fit for best (𝑥േ஽௄, 𝑦േ஽௄) given 
the observed yields in each bin i.
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𝑁ି௜ି  ሺ𝑥ି஽௄, 𝑦஽௄ሻ ൌ ℎ஻ష 𝐹 ௜ ൅ 𝑥ି஽௄ ଶ ൅ 𝑦஽௄ ଶ 𝐹ା௜ ൅ 2 𝐹ା௜𝐹 ௜ 𝑥ି஽௄𝑐௜ െ 𝑦ି஽௄𝑠௜
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Statistical error 
dominant on
𝑥േ஽௄, 𝑦േ஽௄

(𝒙ି𝑫𝑲, 𝒚ି𝑫𝑲) 
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Model-dependent result
𝜸 ൌ 𝟏𝟏𝟔ି𝟏𝟒ା𝟏𝟐 𝒐

 Future: Model independent analysis;
BES III can measure directly the 
𝑐௜ , 𝑠௜ using  quantum-correlated 𝐷𝐷ഥ pairs

 ML fit to obtain physics parameters (see LHCb, JHEP 12, 141 (2021) 

LHCb, arXiv:2301.10328
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LHCb, JHEP 12, 141 (2021)

Γ୬୭ ୈ ୫୧୶ 𝐵േ → 𝐷ℎേ ∝ 𝑟஽ଶ ൅ 𝑟஻ଶ ൅ 2𝜅஽𝜅஻𝑟஽𝑟஻ cosሺ𝛿஻ ൅ 𝛿஽ േ 𝛾ሻ

 Including D mixing important in 𝐵േ → 𝐷𝜋േ, where x,y ~ 𝑟஻.

Γ୵ ୈ ୫୧୶ 𝐵േ → 𝐷ℎേ ∝ Γ୬୭ ୈ ୫୧୶ ൅ ∆Γୈ ୫୧୶

∆Γୈ ୫୧୶ൌ െ𝛼 1 ൅ 𝑟஻ଶ 𝜅஽𝑟஽ cos 𝛿஽ ൅ ሺ1 ൅ 𝑟஽ଶሻ𝜅஻𝑟஻ cosሺ𝛿஻ േ 𝛾ሻ 𝒚
൅𝛼 1 െ 𝑟஻ଶ 𝜅஽𝑟஽ sin 𝛿஽ െ ሺ1 െ 𝑟஽ଶሻ𝜅஻𝑟஻ sinሺ𝛿஻ േ 𝛾ሻ 𝒙

B0

Bs

𝑩േ
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LHCb, JHEP 12, 141 (2021)

Γ୬୭ ୈ ୫୧୶ 𝐵േ → 𝐷ℎേ ∝ 𝑟஽ଶ ൅ 𝑟஻ଶ ൅ 2𝜅஽𝜅஻𝑟஽𝑟஻ cosሺ𝛿஻ ൅ 𝛿஽ േ 𝛾ሻ

 Including D mixing important in 𝐵േ → 𝐷𝜋േ, where x,y ~ 𝑟஻.

Γ୵ ୈ ୫୧୶ 𝐵േ → 𝐷ℎേ ∝ Γ୬୭ ୈ ୫୧୶ ൅ ∆Γୈ ୫୧୶

∆Γୈ ୫୧୶ൌ െ𝛼 1 ൅ 𝑟஻ଶ 𝜅஽𝑟஽ cos 𝛿஽ ൅ ሺ1 ൅ 𝑟஽ଶሻ𝜅஻𝑟஻ cosሺ𝛿஻ േ 𝛾ሻ 𝒚
൅𝛼 1 െ 𝑟஻ଶ 𝜅஽𝑟஽ sin 𝛿஽ െ ሺ1 െ 𝑟஽ଶሻ𝜅஻𝑟஻ sinሺ𝛿஻ േ 𝛾ሻ 𝒙

 𝑩േ decays currently dominate average

𝜸𝑳𝑯𝑪𝒃𝒅𝒊𝒓𝒆𝒄𝒕 ൌ 𝟔𝟓.𝟒ି𝟒.𝟐
ା𝟑.𝟖 𝒐  Consistent with WA indirect measurements: 𝛄 ൌ 𝟔𝟓.𝟔𝟔ି𝟏.𝟐𝟎

ା𝟏.𝟑𝟎 𝒐 ሾ1ሿ
 More measurements in the pipeline (LHCb, Run1, 2)

[1] CKMFitter, PR D91 (2015) Most precise single experiment measurement

B0

Bs

𝑩േ



Gamma timeline
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Summer 2004 Summer 2008 Summer 2012 Summer 2016
Spring 2021

FUTURE (Underway): Phase 1: 23 fb-1 LHCb, 300 fb-1 CMS/ATLAS

 Today: 𝝈𝜸~𝟒𝒐
 Phase 1 (~2032):       𝝈𝜸~𝟏.𝟓𝒐
 Phase 2 (~2038-40): 𝝈𝜸~𝟎.𝟒𝒐 

LHCb 300 fb-1, CMS/ATLAS 3000 fb-1

 Precision test of CKM paradigm!

TREES LOOPS



Loop Processes
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tbV

tbV*
tsV

*
tsV

NP?

 Depending on NP model, heavy particles can also enter at tree-level
(e.g heavy Z’ that allows FCNC,  see Bause et al, EPJ C82, 42 (2022))



B0/Bs mixing: Side of UT
• Occurs through box diagrams, sensitive to heavy NP particles. 

18

𝑅௧ ൌ ሺ1 െ 𝜌ሻଶ൅𝜂ଶ  ∝ | ∆௠೏
∆௠ೞ

| ∝ ௏೟೏
௏೟ೞ

ଶ

ሺ𝝆ഥ,𝜼ഥሻ

ሺ0,0ሻ ሺ1,0ሻ

 Mixing frequencies 

ሺ𝟏 െ 𝝆ഥሻ

𝜼ഥ
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• Occurs through box diagrams, sensitive to heavy NP particles. 
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𝑅௧ ൌ ሺ1 െ 𝜌ሻଶ൅𝜂ଶ  ∝ | ∆௠೏
∆௠ೞ

| ∝ ௏೟೏
௏೟ೞ

ଶ

ሺ𝝆ഥ,𝜼ഥሻ

ሺ0,0ሻ ሺ1,0ሻ

 Mixing frequencies 

LHCb, Nature Physics 18, 1 (2022)

∆𝑚௦ ൌ 17.7683 േ 0.0051 േ 0.0032 psିଵ  
ሺ~0.03% precision!ሻ

∆𝑚ௗ ൌ 0.5050 േ 0.0021 േ 0.0010 psିଵ   
ሺ~0.4% precisionሻ

R୲ uncertainty dominated by QCD
matrix elements, but improvements in 
coming years expected, Oሺ1%ሻ on
|𝑉௧ௗ|, 𝑉௧௦  achievable.

LHCb, EPJ C76 (2016)

𝐵଴ → 𝐷ି𝜇ା𝜈ఓ𝑋 𝐵௦ → 𝐷௦ି𝜋ା

ሺ𝟏 െ 𝝆ഥሻ

𝜼ഥ



Phase of B mixing: Side of UT
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 Access by interference between 𝐵ሺ௦ሻ → 𝑓஼௉ and 𝐵 ௦ → 𝐵തሺ௦ሻ → 𝑓஼௉
 Mixing diagram brings in Arg 𝑉௧௤∗ 𝑉௧௕

ଶ ൌ ௤
௣ ൌ exp ሺെ𝑖2𝛽 ௦ ሻ

 Expose phase through time‐dependent decay time asymmetry
𝑞 𝑉௧௤

𝑞𝑉௧௤∗

0B
0B

0
SK

𝐵଴
0B

0B
0
SK𝐵଴


0B

0B
0
SK𝐵଴

𝐴ሺ𝑡ሻ = 
0B

0B 0
SK

𝐵଴
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0B

0B 0
SK

𝐵଴

𝑨ሺ𝒕ሻ ≅ 𝑺 𝒔𝒊𝒏ሺ𝜟𝒎𝒒 𝒕ሻ ൅ 𝑪𝒄𝒐𝒔ሺ𝜟𝒎𝒒 𝒕ሻ

 For 𝑓஼௉ ൌ 𝐽/𝜓𝐾ௌ଴, expect single decay amplitude dominant  𝝀 ൌ 𝟏
 Expect 𝐶 ≅ 0  𝑨ሺ𝒕ሻ ൌ 𝐬𝐢𝐧ሺ𝟐𝜷ሻ 𝒔𝒊𝒏ሺ𝜟𝒎𝒅 𝒕ሻ

CPV interference between
direct decay and mixing + decay

Direct CPV
(in 𝐴௙/𝐴௙)

𝝀 ൌ
𝒒
𝒑
𝑨ഥ
𝑨

𝑆 ൌ െ
2𝐼𝑚 𝜆
1 ൅ 𝜆 ଶ 𝐶 ൌ  

1 െ 𝜆 ଶ

1 ൅ 𝜆 ଶ



Phase of B mixing
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 Access by interference between 𝐵ሺ௦ሻ → 𝑓஼௉ and 𝐵 ௦ → 𝐵തሺ௦ሻ → 𝑓஼௉
 Mixing diagram brings in Arg 𝑉௧௤∗ 𝑉௧௕

ଶ ൌ ௤
௣ ൌ exp ሺെ𝑖2𝛽 ௦ ሻ

 Expose phase through time‐dependent decay time asymmetry
𝑞 𝑉௧௤

𝑞𝑉௧௤∗

0B
0B

0
SK

𝐵଴
0B

0B
0
SK𝐵଴


0B

0B
0
SK𝐵଴

𝐴ሺ𝑡ሻ = 
0B

0B 0
SK

𝐵଴

𝑨ሺ𝒕ሻ ≅ 𝑺 𝒔𝒊𝒏ሺ𝜟𝒎𝒒 𝒕ሻ ൅ 𝑪𝒄𝒐𝒔ሺ𝜟𝒎𝒒 𝒕ሻ

 For 𝑓஼௉ ൌ 𝐽/𝜓𝐾ௌ଴, expect single decay amplitude dominant  𝝀 ൌ 𝟏
 Expect 𝐶 ≅ 0  𝑨ሺ𝒕ሻ ൌ 𝐬𝐢𝐧ሺ𝟐𝜷ሻ 𝒔𝒊𝒏ሺ𝜟𝒎𝒅 𝒕ሻ

CPV interference between
direct decay and mixing + decay

Direct CPV
(in 𝐴௙/𝐴௙)

𝝀 ൌ
𝒒
𝒑
𝑨ഥ
𝑨

𝑆 ൌ െ
2𝐼𝑚 𝜆
1 ൅ 𝜆 ଶ 𝐶 ൌ  

1 െ 𝜆 ଶ

1 ൅ 𝜆 ଶ

 Previous measurements
sin 2𝛽 ௐ஺

ଶ଴ଶଵ ൌ 0.699 േ 0.017   2.4%

HFLAV
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Measurement of sin(2) in 𝟎
ℓశℓష 𝑺

𝟎



Measurement of CPV in 𝟎
ℓశℓష 𝑺

𝟎
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LHCb-PAPER-2023-013
(in preparation)

𝜀௧௔௚𝐷ଶSignal (103)
[with tag]

𝑩𝟎 → 𝒄𝒄ത 𝑲𝑺
𝟎

4.71 േ 0.01306 𝐽/𝜓 → 𝜇ା𝜇ି

4.62 േ 0.0423.6𝐽/𝜓 → 𝑒ା𝑒ି

6.48 േ 0.0342.7𝜓ሺ2𝑆ሻ → 𝜇ା𝜇ି

• Full Run 2 data sample (6 fb-1)
• 𝐽/𝜓 → 𝜇ା𝜇ି, 𝑒ା𝑒ି and 𝜓ሺ2𝑆ሻ → 𝜇ା𝜇ି



Measurement of CPV in 𝟎
ℓశℓష 𝑺

𝟎

21

LHCb-PAPER-2023-013
(in preparation)

𝜀௧௔௚𝐷ଶSignal (103)
[with tag]

𝑩𝟎 → 𝒄𝒄ത 𝑲𝑺
𝟎

4.71 േ 0.01306 𝐽/𝜓 → 𝜇ା𝜇ି

4.62 േ 0.0423.6𝐽/𝜓 → 𝑒ା𝑒ି

6.48 േ 0.0342.7𝜓ሺ2𝑆ሻ → 𝜇ା𝜇ି

𝜎௧~60 𝑓𝑠 𝑑 ൌ ൅1 𝐵଴ ,െ1 ሺ𝐵ത଴ሻ
 𝜔ା 𝜂෤ ,𝜔ି 𝜂෤ : Calibrated mistag rates for 𝐵଴,𝐵ത଴
 𝛼,Δ𝜖௧௔௚ account for production, flavor-tag asymmetry 

𝑺 𝑪

• Full Run 2 data sample (6 fb-1)
• 𝐽/𝜓 → 𝜇ା𝜇ି, 𝑒ା𝑒ି and 𝜓ሺ2𝑆ሻ → 𝜇ା𝜇ି

 Simultaneous fit
to flavor-tagged
𝐵଴ and 𝐵ത଴ decay
time spectra.

 S and C are free
parameters in the
fit.



Measurement of CPV in 𝟎
ℓశℓష 𝑺

𝟎

22

LHCb-PAPER-2023-013
(in preparation)

Time-dependent asymmetry

 ~2X more precise than, and compatible with B-factories
 Preliminary WA ~ 1.5% precision.

LHCb Run 2 (Preliminary)

𝐬𝐢𝐧ሺ𝟐𝜷ሻ



Measurement of CPV in 𝟎
ℓశℓష 𝑺

𝟎

22

LHCb-PAPER-2023-013
(in preparation)

Time-dependent asymmetry

 ~2X more precise than, and compatible with B-factories
 Preliminary WA ~ 1.6% precision.

LHCb Run 2 (Preliminary)

HFLAV Summer 2023
Preliminary

𝐬𝐢𝐧ሺ𝟐𝜷ሻ

Preliminary
WA

LHCb Run 2

B factories

𝑆ట௄ೄబ
ௐ஺ ൌ 0.708 േ 0.011 ሺ1.6%ሻ𝑆ଶ଴ଶଵௐ஺ ൌ 0.699 േ 0.017   2.4%   →



CPV phase in Bs mixing: 
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CPV phase 𝒔
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 In SM, 𝝋𝒔 ≅ െ𝟐𝜷𝒔, the phase of Bs mixing.
 Global fits (w/o direct m’ment), 𝝋𝐬 ൌ െ𝟑𝟔.𝟖ି𝟎.𝟎𝟔

ା𝟎.𝟎𝟗 mrad ( << 2𝛽 ൎ 800 mradሻ
 New CPV phases can lead to large deviations 

 Ideal modes: 𝐽/𝜓ℎାℎି, no additional CKM phase 𝑏 → 𝑐𝑐̅𝑠 ሺ𝑉௖௕𝑉௖௦ real)
 Must disentangle CP+ and CP contributions (except 𝐷௦ା𝐷௦ି)

 Statistical uncertainties still dominant.
 New results from LHCb using

full Run 2 data sample (6 fb-1),
in preparation.

𝜑௦ଶ଴ଶଵሺ𝑎𝑙𝑙 𝑏 → 𝑐𝑐̅𝑠ሻ ൌ െ50 േ 19 mrad



Measurement of CPV phase 𝒔 [1]
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LHCb−PAPER−2023−016 (in prep)

 Use Bୱ → 𝐽/𝜓𝐾ା𝐾ି near 𝜑.
 Fit time-dependent decay rates. 

𝑁௦௜௚~350,000

𝐴஼௉ 𝑡 ൌ
Γ 𝐵ത௦଴ → 𝑓 െ Γ 𝐵௦଴ → 𝑓
Γ 𝐵ത௦଴ → 𝑓 ൅ Γ 𝐵௦଴ → 𝑓

ൌ 𝜂௙ Dሺtሻ Dሺωሻ  sin 2𝛽௦ sinሺΔ𝑚௦𝑡ሻ

 𝜂௙ = CP of final state

 Dሺtሻ ൌ 𝑒ି
భ
మ୼௠ೞ

మఙ೟మ :    𝜎௧~42 fs Dሺtሻ ~ 0.76
 D ω ൌ 1 െ 2𝜔 dilution due to mistag of flavor@production



Measurement of CPV phase 𝒔 [1]

25

LHCb−PAPER−2023−016 (in prep)

 Use Bୱ → 𝐽/𝜓𝐾ା𝐾ି near 𝜑.
 Fit time-dependent decay rates. 

𝑁௦௜௚~350,000

𝐴஼௉ 𝑡 ൌ
Γ 𝐵ത௦଴ → 𝑓 െ Γ 𝐵௦଴ → 𝑓
Γ 𝐵ത௦଴ → 𝑓 ൅ Γ 𝐵௦଴ → 𝑓

ൌ 𝜂௙ Dሺtሻ Dሺωሻ  sin 2𝛽௦ sinሺΔ𝑚௦𝑡ሻ

 𝜂௙ = CP of final state

 Dሺtሻ ൌ 𝑒ି
భ
మ୼௠ೞ

మఙ೟మ :    𝜎௧~42 fs Dሺtሻ ~ 0.76
 D ω ൌ 1 െ 2𝜔 dilution due to mistag of flavor@production

 Bୱ → 𝐽/𝜓𝐾ା𝐾ି: 𝜑: L = 0, 2 (CP+),  L=1 (CP‐)   or   𝐾ା𝐾ି in S‐wave
 Decay rate PDFs also include decay angles, to determine CP 

composition of 𝐾ା𝐾ି



Measurement of CPV phase 𝒔 [2]

26

LHCb−PAPER−2023−016 (in prep)

𝜑௦ ൌ െ39 േ 22 േ 6 mrad

Fit projections 

𝐾ା𝐾ି

Polarization
parameters



Measurement of CPV phase 𝒔 [3]
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LHCb−PAPER−2023−016 (in prep)

𝜑௦௅ு஼௕ሺ𝐽/𝜓𝜙ሻ ൌ െ39 േ 22 േ 6 mrad

 Most precise single 𝜑௦ analysis
 Consistent with no CPV, and with small value of െ36.8ି଴.଴଺

ା଴.଴ଽ mrad, based on global CKM fit. 

2023 WA: 𝜑௦ଶ଴ଶଷሺ𝑎𝑙𝑙 𝑏 → 𝑐𝑐̅𝑠ሻ ൌ െ39 േ 16 mrad

𝜑௦ଶ଴ଶଵሺ𝑎𝑙𝑙 𝑏 → 𝑐𝑐̅𝑠ሻ ൌ െ50 േ 19 mrad2021 WA:

(Preliminary)

 Still statistically dominated.
 Will improve with LHCb Upgrade 1 & 2, CMS & ATLAS



Future projections: 𝒔
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LHCb 
300 fb‐1

3  𝛿 𝜑௦
(mrad)

~0.003𝛿ሺsin 2𝛽 ሻ

0.4o𝛿ሺ𝛾ሻ

ATLAS
3000 fb‐1

CMS
3000 fb‐1

44



𝒕𝒃 (t-channel)
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ATLAS-CONF-2023-026

 Cross-sections measured for each.
 𝜎 𝑡𝑞 ൌ 137 േ 8 pb
 𝜎 𝑡̅𝑞 ൌ 84ିହା଺ pb

 Ignoring 𝑊𝑡𝑠 and 𝑊𝑡𝑑 vertices: 
 𝑓௅௏ 𝑉௧௕ ൌ 1.016 േ 0.031

 Allowing for 𝑊𝑡𝑠 and 𝑊𝑡𝑑 vertices:
 0.955 ൏ 𝑓௅௏ 𝑉௧௕ ൏ 1.045   @2𝜎

𝑡𝑞 𝑡̅𝑞

𝜎௧௛௘௢ ൌ 214 േ 3.4 േ 1.8 pb
Campbell et al, JHEP 02 (2021)

𝜎ሺ𝑡𝑞 ൅ 𝑡̅𝑞ሻ
𝜎௧௛௘௢

ൌ 𝑓௅௏ଶ 𝑉௧௕ ଶ

Neural network output
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ATLAS-CONF-2023-026

 Cross-sections measured for each
process.
 𝜎 𝑡𝑞 ൌ 137 േ 8 pb
 𝜎 𝑡̅𝑞 ൌ 84ିହା଺ pb

 Ignoring 𝑊𝑡𝑠 and 𝑊𝑡𝑑 vertices: 
 𝑓௅௏ 𝑉௧௕ ൌ 1.016 േ 0.031

 Allowing for 𝑊𝑡𝑠 and 𝑊𝑡𝑑 vertices:
 0.955 ൏ 𝑓௅௏ 𝑉௧௕ ൏ 1.045   @2𝜎

𝜎௧௛௘௢ ൌ 214 േ 3.4 േ 1.8 pb
Campbell et al, JHEP 02 (2021)

𝜎ሺ𝑡𝑞 ൅ 𝑡̅𝑞ሻ
𝜎௧௛௘௢

ൌ 𝑓௅௏ଶ 𝑉௧௕ ଶ

(t-channel)
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Summary
 Study of loop-mediated decays a critical part of search for NP.
 Impressive progress in recent years in testing CKM paradigm 
 Many measurements still statistically limited 
 future LHCb upgrades critical, along with important 

contributions from CMS, ATLAS on sin(2s).
 Theory/LQCD communities crucial part of this program, 

to shrink uncertainties on relevant hadronic matrix elements.

Pre-LHC 2021

The future looks bright for precision tests of CKM sector!

Phase II, precision by 2038-40.Phase I, precision, by ~2033 arXiv:1812.07638 arXiv:1812.07638



Backup

69



BDK   vs   BD LHCb, arXiv:2301.10328

𝑢ത 𝑢ത D଴𝐷଴  

ℎି

|𝑽𝒖𝒃|𝒆ି𝒊𝜸
𝐷଴

ℎି

𝑽𝒄𝒃

𝑓஽ℎିB 

𝒉 ൌ 𝑲ି𝒉 ൌ 𝝅ିCKM
factors

𝑉௖௕𝑉௨௦~𝑂ሺ𝜆ଷሻ𝑉௖௕𝑉௨ௗ~𝑂ሺ𝜆ଶሻ|𝐴ଵ|
𝑉௨௕𝑉௖௦~𝑂ሺ𝜆ଷሻ𝑉௨௕𝑉௖ௗ~𝑂ሺ𝜆ସሻ|𝐴ଶ|

𝑂 0.1𝑂 0.01|𝐴ଶ/𝐴ଵ|

ሺ𝑠,𝑑ሻ

ሺ𝑠,𝑑ሻ

𝜆 ൌ sin𝜃௖ ≅ 0.22

 A2 is (also) color-suppressed
 In B0 decays, can have 𝐴ଶ/ 𝐴ଵ ~ O(0.4) 

Why do we emphasize usage of the Cabibbo suppressed mode?

 To maximize interference term, we want the two amplitudes to be of the same order
 maximize sensitivity to angle () between them!

 BDK much more sensitive than BD, even though event rate is ~10X lower!



Constraints on NP in B decays
 Does ()tree = ()loop? Model Independent constraints on NP in B(s) mixing

0 0

0 0

2
full

q eff q

SM
q eff q

Bq
q

i
B

B H B
C e

B H B




NP in B0 mixing NP in Bs mixing

SM

 No smoking gun yet … but O(20%) NP contributions not excluded.
Greater precision needed  -- LHCb upgrade(s) and Belle II necessary.
 Reduced theory errors on many inputs important & anticipated (LQCD) 



CPV phase 𝒔
 In SM, 𝝋𝒔 ≅ െ𝟐𝜷𝒔, the phase of Bs mixing.
 Global fits (w/o direct m’ment), 𝝋𝐬 ൌ െ𝟑𝟔.𝟖ି𝟎.𝟎𝟔

ା𝟎.𝟎𝟗 mrad ( << 2𝛽 ൎ 800 mradሻ
 New particles in Bs box diagram can lead to large deviations 
 Can measure 𝝋𝒔 via interference between 𝑩𝒔 → 𝒇𝑪𝑷 and 𝑩𝒔 → 𝑩ഥ𝒔 → 𝒇𝑪𝑷.  

 Ideal modes: 𝐽/𝜓ℎାℎି, no additional CKM phase 𝑏 → 𝑐𝑐̅𝑠 ሺ𝑉௖௕𝑉௖௦ real)
 Must disentangle CP+ and CP contributions (except 𝐷௦ା𝐷௦ି)
 Measurements from LHC

LHCbMode
െ𝟑𝟗 േ 𝟐𝟐 േ 𝟔
6 fb‐1 (13 TeV)

𝐵௦଴ → 𝐽/𝜓𝐾ା𝐾ି (near 𝜙ሻ
LHCb−PAPER−2023−016 (in prep)

𝟎 േ 𝟐𝟖𝟎 േ 𝟕𝟎
3 fb‐1 (7. 8 TeV)

𝐵௦଴ → ሺ𝐽/𝜓ሻ௘௘𝐾ା𝐾ି (near 𝜙ሻ
EPJ C81, 1026 (2021) 

𝟏𝟏𝟗 േ 𝟏𝟎𝟕 േ 𝟑𝟒
3 fb‐1 (7, 8 TeV)

𝐵௦଴ → 𝐽/𝜓𝐾ା𝐾ି  ሺ𝑀௄௄ ൐ 1.05 GeVሻ
JHEP 34, 037 (2017)

𝟐𝟑𝟎ି𝟐𝟖𝟎ା𝟐𝟗𝟎 േ 𝟐𝟎
3 fb‐1 (7, 8 TeV)

𝐵௦଴ → 𝜓ሺ2𝑆ሻ𝐾ା𝐾ି  (near 𝜙ሻ
PL B113, 253 (2016)

𝟐 േ 𝟒𝟒 േ 𝟏𝟐
1.9 fb‐1 + 3 fb‐1

𝐵௦଴ → 𝐽/𝜓𝜋ା𝜋ି
PL B797, 134789 (2019)

𝟐𝟎 േ 𝟏𝟕𝟎 േ 𝟐𝟎
3 fb‐1 (7, 8 TeV)

𝐵௦଴ → 𝐷௦ା𝐷௦ି
PRL 113, 211801 (2014)

ATLASCMS
െ𝟖𝟕 േ 𝟑𝟔 േ 𝟐𝟏

80.5 fb‐1
െ𝟐𝟏 േ 𝟒𝟒 േ 𝟏𝟎
116.1 fb‐1 (8 TeV)

PLB 816, 136188 (2021)  EPJ C81, 342 (2021)



Integrated signal yields
𝑩ା → 𝑲ା𝑲ି𝝅ା𝝅ି 𝐃𝒉ା 𝑩ି → 𝑲ା𝑲ି𝝅ା𝝅ି 𝐃𝒉ି

𝒉 ൌ 𝑲ା 𝒉 ൌ 𝑲ି

𝒉 ൌ 𝝅ା 𝒉 ൌ 𝝅ି

LHCb, arXiv:2301.10328

𝑩ା → 𝝅ା𝝅ି𝝅ା𝝅ି 𝐃𝒉ା 𝑩ି → 𝝅ା𝝅ି𝝅ା𝝅ି 𝐃𝒉ି

𝒉 ൌ 𝑲ା 𝒉 ൌ 𝑲ି

𝒉 ൌ 𝝅ା 𝒉 ൌ 𝝅ି

 CPV in integrated yields for 𝐾േ , very small for 𝜋േ Low sensitivity to 𝛾
 Next up: Measure yields in the 8∆ఋీ ൈ 2௥ವ bins

Fit resultsCPV observable
(9.3 േ 2.3 േ 0.2ሻ%𝐴௄௄௄గగ

0.974 േ 0.024 േ 0.015𝑅஼௉௄௄గగ

(െ0.9 േ 0.6 േ 0.1ሻ%𝐴గ௄௄గగ

Fit resultsCPV observable
(6.0 േ 1.3 േ 0.1ሻ%𝐴௄గగగగ

0.978 േ 0.014 േ 0.010𝑅஼௉గగగగ

(െ0.82 േ 0.31 േ 0.07ሻ%𝐴గగగగగ



Semileptonic decays: 

8

 Exclusive decays
 𝐵 → 𝜋, 𝜌 ℓି𝜈  V୳ୠ ,     𝐵 → 𝐷ሺ∗ሻℓି𝜈    Vୡୠ
 𝐵௦ → 𝐾ି𝜇ା𝜈 V୳ୠ/Vୡୠ ,     𝐵௦ → 𝐷ഥ௦

ሺ∗ሻ𝜇ା𝜈  Vୡୠ
 Λ௕଴ → 𝑝𝜇ି𝜈    V୳ୠ/Vୡୠ ,     Λ௕଴ → Λ௖ା𝜇ି𝜈    Vୡୠ
 Form factor normalization of from theory

 Inclusive decays: 𝑩 → 𝑿 𝒖,𝒄  ℓି𝝂
 Only 𝑒ା𝑒ି → Υ 4𝑆 → 𝐵𝐵ത
 Requires theory input: HQE, shape functions (Vub), etc.

 Tension between inclusive and exclusive determinations
 |Vub| & |Vcb| have inflated error due to this tension.

[1] LHCb, PRL126 (2021)
[2] LHCb, PRD101 (2020)
[3] LHCb, Nature Physics 11 (2015)

𝑒ା𝑒ି → Υ 4𝑆 → 𝐵𝐵ത (Many m’ments)

AverageExclusiveInclusivePDG 2021
3.82 േ 0.203.70 േ 0.10 േ 0.124.13 േ 0.12ି଴.ଵସ

ା଴.ଵଷ േ 0.18|Vub| (10‐3)

40.8 േ 1.439.4 േ 0.842.2 േ 0.8|Vcb| (10‐3)

 Ongoing activity to understand possible sources.
(See Tues talks by Robinson and Lytle)
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