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CP violation and the CKM matrix

• Kobayashi and Maskawa predict three generations of quarks

- Three mixing angles and one CP violating phase

- Unitarity condition represented as triangles, e.g. 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• Common CKM parameterization: Wolfenstein

- Exploit hierarchy of matrix elements

N. Cabibbo

Quark mixing via charged-current interactions

scaled apex parameters



CKM parameters
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B → π+π−, π+π0, π0π0

B → ρ+ρ−, ρ+ρ0, ρ0ρ0

B0 → ρπ
B0 → a1(ρπ)+π−

B0 → (cc̄)KS, (cc̄)KL

B0 → D(*)
CPh0

B0 → (ϕ/η′￼/π0/f 0)K0

B0 → (KSKS /ρ0/ω)KS

B− → D(*)
CPK(*)−

B0 → DCPK*0

B− → D(*)(KSh+h−)K(*)−

B− → D(KSK+π−)K−

Angles

*Potential for new physics
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Angles

*Potential for new physics

Current state-of-the-art

and where to find them
CKM parameters
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B → π+π−, π+π0, π0π0

B → ρ+ρ−, ρ+ρ0, ρ0ρ0

B0 → ρπ
B0 → a1(ρπ)+π−

B0 → (cc̄)KS, (cc̄)KL

B0 → D(*)
CPh0

B0 → (ϕ/η′￼/π0/f 0)K0

B0 → (KSKS /ρ0/ω)KS

B− → D(*)
CPK(*)−

B0 → DCPK*0

B− → D(*)(KSh+h−)K(*)−

B− → D(KSK+π−)K−

Angles

*Potential for new physics

Possible view with the full Belle II dataset

and where to find them
CKM parameters



Heavy flavor experiments

LHCb (beauty/charm at LHC)

CMS and ATLAS (general purpose at LHC)

hadron machines
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Belle II: the “super B-factory” BESIII (“charm factory”)

The “B-factories”

e+e- machines

the primary players



Belle II and LHCb
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KL/Muon detector
EM Calorimeter

Beryllium beam pipe

Vertex detector

Central Drift Chamber

Particle ID

Belle II (  collisions)

• High luminosity from SuperKEKB accelerator at  

(lower  cross section)

• Hermetic detector in low background environment,  

high reconstruction efficiency

• Well known initial state, efficient neutrals reconstruction

• High flavor tagging efficiency

e+e−

Υ(4S)
bb̄

The next generation of B physics experiments

LHCb (proton collisions)

• General purpose LHC experiment covering the forward region

• Large cross section for  production

• Precise tracking, excellent particle ID,  

decay time resolution

• Access to heavy b hadrons

bb̄



Flavor tagging

• At threshold: take into account quantum  
correlation and identify characteristic particles

- “Tag” the flavor of one of the particles

- Also identifies the flavor of the partner, useful 

for time-dependent CPV measurements

- Very high efficiency (~37% at Belle II,  

~30% at Belle)


• At LHC: identify flavor at production

- Same side taggers: use particles produced  

in fragmentation of signal 

- Opposite side taggers: 

use the decay products of non-signal 

- Efficiency ~3-5% at LHCb

B0, B0
s

B0, B0
s
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Technique to identify the flavor of a particle



Flavor tagging

• At threshold: take into account quantum  
correlation and identify characteristic particles

- “Tag” the flavor of one of the particles

- Also identifies the flavor of the partner, useful 

for time-dependent CPV measurements

- Very high efficiency (~37% at Belle II,  

~30% at Belle)
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Technique to identify the flavor of a particle

Signal side: 
B ➝ Xlν - Precise meas. of |Vub| 

B ➝ τν - Search for NP
B ➝ Kνν ̅- Search for NP

Powerful technique for missing energy, missing mass 
analyses: Full Reconstruction (full event interpretation)

B-factories, Belle II, BESIII



Measuring CKM matrix elements in B decays
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*Apologies if I left out your favorite results
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Measuring  and Vub Vcb

• Decay rate depends on product of CKM element and hadronic form factor

- Global fit for CKM element, extract form factors (test theory predictions)

- Theory prediction for form factor, extract CKM elements
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Inclusive Vub

B → Xuℓν̄ℓ B → Xcℓν̄ℓ

Operator Product Expansion

Inclusive Vcb

Exclusive Vub

B → (π, ρ, ω) ℓν̄ℓ B(s) → D(*)
(s) ℓν̄ℓ

Exclusive Vcb

Bs → Kμν̄μ

BR ∝ |Vqb |2 f2

Significant tension between inclusive 
and exclusive determinations

Status and methods



Exclusive  from Vub B → πℓν

• Differential rate in terms of 


• Extract yield in 6 bins of  by fitting to  

 and 

q2 = (pℓ + pν)2

q2

Mbc = E*2
beam − | ⃗p*B |2 ΔE = E*B − E*beam
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|Vub | = (3.55 ± 0.12 ± 0.13 ± 0.17) × 10−3

With LQCD input from FNAL/MILC 
[PRD 92 014024]

Consistent with world average exclusive value

Preliminary result from Belle II



First simultaneous inclusive/exclusive  determination in a signal analysisVub

• Extract signal for exclusive  from inclusive 
 in bins of  and  (between  and )

B → πℓν̄
B → Xuℓν̄ Nπ± q2 B Xu
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LQCD and exp. inputLQCD input only

Compatible with world-average within 1.2σ
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With LQCD and experimental constraints

Gain insights on inclusive-exclusive puzzle with combined analysis

ℬ(B → π0ℓν) + ℬ(B → π+ℓν) + ℬ(B → Xother
u ℓν) = ℬ(B → Xuℓν)

|Vexcl.
ub | =

ℬ(B → πℓν)
τBΓFF

|V incl.
ub | =

ℬ(B → Xuℓν)
τBΓGGOU



Exclusive  from  differential distributionsVcb B → D*ℓ+νℓ

• One  meson is fully reconstructed in a hadronic mode (tag side)

• Reconstruct  and combine with a charged lepton to identify 

 (signal side)

• Normalization is not measured,  taken from HFLAV

B
D*

B → D*ℓν
ℬ
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 Latest and greatest from Belle

Input from  
[PRD 89 114504 (2014)]

Input from  
[EPJC 82 1141 (2022)]




Angular coefficients of B → D*ℓ+νℓ

• Same dataset, fit 12 angular coefficients  in 4 bins of 


• In total 144 fits per mode, 576 in total 

Ji = Ji(w) w
M2

miss
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New preliminary results from Belle

Combined fit with non-zero recoil lattice data (FNAL/MILC, HPQCD, JLQCD)
Average  or new LQCD results: ℱ(1) ℱ(1) = 0.895 ± 0.007



Precision measurement using OPE
 from inclusive  decays|Vcb | B → Xcℓν

• Traditional approach: Use hadronic mass moments, lepton energy moments, etc. to determine  
non-perturbative matrix elements of OPE and extract 


- Allows model-independent extraction of HQE parameters up to 

- Extraction of higher order terms complicated by proliferation of hadronic parameters - rely on modeling


• Alternative approach [JHEP 02 (2019) 177] (M. Fael, T. Mannel, K. Vos): exploit relations between HQE 
parameters due to reparameterization invariance to reduce the number of independent parameters


- Not true for every observable (e.g. not for ), but holds for  


- At  the number of matrix elements reduces from 13 to 8

|Vcb |
𝒪(1/m3

b)

⟨MX⟩ ⟨q2⟩
1/m4

b
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Operator Product Expansion

q2 = (psig − pXc
)2



Crucial experimental input for , HQE parameters|Vcb |
 moments from  decaysq2 B → Xcℓν
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Belle II already reaches 
similar precision to Belle and 
can reach lower  thresholdq2

arXiv:2205.06372

arXiv:2109.01685

711 fb-1 711 fb-1

711 fb-1

arXiv:2109.01685



First extraction of inclusive   from   moments|Vcb | q2

• Good agreement with the most precise previous measurement,  [hep-ph/2107.00604] 


• Provides strong evidence that inclusive  can be reliably obtained using the HQE 

- Uncertainties well under control

|Vcb | = 42.16(51) × 10−3

|Vcb |
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hep-ph/2205.10274
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Important, independent cross-check on inclusive measurements



CKM metrology with semileptonic  decays at LHCbBs

19

|Vub |2

|Vcb |2 ×
FFK

FFDs

=
ℬ(B0

s → K−μ+νμ)
ℬ(B0

s → D−
s μ+νμ)

=
NK

NDs

ϵDs

ϵK
× ℬ(D+

s → K+K−π+)

Theory input Experiment Fit

Simulation

External inputPRL 126, 081804 (2021)
 low B0

s → K−μ+νμ q2

FF from LCSR [JHEP 112 (2017)]

FF from LQCD [PRD 100 034501]

|Vub | / |Vcb |low = 0.0607 ± 0.0015(stat) ± 0.0013(syst) ± 0.0008(Ds) ± 0.0030(FF)

|Vub | / |Vcb |high = 0.0946 ± 0.0030(stat) ±+0.0024
−0.0025 (syst) ± 0.0013(Ds) ± 0.0068(FF)

Low q2

High q2

 with heavy  mesons|Vub | / |Vcb | B



Progress
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 inclusive and exclusive measurements with heavy  mesonsVub, Vcb B



Measuring the Unitary Triangle angles in B decays
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*Apologies if I left out your favorite results

Not an exhaustive accounting



Time dependent CP Violation and β/ϕ1
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• CPV measurements in B0 decays useful to extract CKM angles

• Time dependent CP asymmetry of neutral B decays:


• Non-zero cosine arises from interference between decay amplitudes with  
different weak and strong phases (direct CP violation) or from  mixing

- Negligible for SM under  transitions 


• If  is a CP eigenstate and amplitudes with one CKM phase dominate,

B0 − B̄0

b → cc̄s

f

Mass difference between  
physical B meson eigenstates 

(“  oscillation frequency”)B0 − B̄0

Bread-and-butter -factory physicsB

Sf = sin(argλf) = ηf sin 2ϕ1



Measurement of sin 2ϕ1
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Combined results 

(without latest Belle II measurements)

B0 → J/ψ( → μ+μ−, e+e−) K0
S

B0 → ψ(2S)( → μ+μ−) K0
S

• Most precise measurement in a single mode to date (still statistics limited)

CψK0
S

= 0.008 ± 0.012 ± 0.003SψK0
S

= 0.717 ± 0.013 ± 0.008

Belle II:

S = 0.724 ± 0.035 ± 0.014

C = 0.035 ± 0.026 ± 0.012

LHCb-PAPER-2023-013

LHCb: B0 → J/ψK0
S

Bread-and-butter -factory physicsB



Measurement of  at Belle IIsin 2ϕeff
1

• Loop-suppressed  transition

• Relatively high rate relative to other gluonic penguins

• Deviation from  would suggest BSM physics

b → sqq̄

sin 2ϕ1

24

S = 0.67 ± 0.10 ± 0.04
C = − 0.19 ± 0.08 ± 0.03

HFLAV: , S = 0.63 ± 0.06 C = − 0.05 ± 0.04

Potential to expose New Physics



γ/ϕ3
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PRL 124, 241802 (2020)

GLW ADS

Final states are CP eigenstates. 
Interference is O(10%)

Final states are flavor modes ( ),  
CF and DCSD decays. Interference is large

Kπ, K3π

BPGGSZ
• Final states are three body, self-conjugate 

modes, eg. 


• Binning regions of Dalitz plot where  is similar

• Model independent, there is no incorrect binning

• Optimization for binning for increased sensitivity

• Important input from BESIII on measurements of 

strong-phase differences (overcome systematics)

KSKK, KSππ, π+π−π0

δD

JHEP 05 (2021) 164



Combined measurement of  with Belle and Belle II dataϕ3
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[JHEP 02 063 (2022)]
[JHEP 10 178 (2019)]

[arxiv:2308.05048]
[PRL 106 231803 (2011)]

[arxiv:2306.02940]
[PRD 81 112002 (2010)]

[PRD 73 051106 (2006)]

• Four different methods using 17 different final states

• Inputs on  decays dynamics from other experiments


-  (amplitude ratio),  (strong-phase difference),  (coherence factor), etc.
D

rD δD κD

, consistent with WA, , within ϕ3 = (78.6 ± 7.3)∘ ϕ3 = (66.2+3.2
−3.6)

∘ 2σ

First Belle and Belle II combination



D → K+K−D → K+K−

New results of  measurements at LHCbγ
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LHCb-CONF-2023-003

GLW: decays to CP-eigenstates(*) 

D → K+K−, D → π+π−, D → π+π−π+π−

Interference (sensitivity to )γ ∝ rB ≈ 25 %

ADS: doubly-Cabibbo suppressed decays

D → K+π−, D → π+K−π+π−

Maximal interference (similarly sized amplitudes)

Four-fold degeneracy: 
(γ, δB) → (δB, γ) or (π − γ, π − δB)

preferred solution:  γ = 172 ± 6∘

alternate solution:  γ = 62 ± 8∘

Results from 
 

will break the degeneracy
B0 → [D0 → K0

Sh+h−]K*0

ADS and GLW-like decays



Time-dependent measurement of  at LHCbγ
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LHCb-CONF-2023-004

External inputs: 
 and , 

detection asymmetry
Γs ΔΓs

Significant CP 
violation in 
interference 

  at Sf ≠ − Sf̄ 8.8σ

External input: 
−2βs = ϕs = (−0.031 ± 0.018) rad

Good sensitivity in  decays, large interferenceBs

Relative phase: γ − 2βs

Compatibility at 1.3 


Combination in preparation

σ

Run 1 Run 2



LHCb combination
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HFLAV: γdirect = (66.2+3.4
−3.6)

∘

Indirect combinations:  

 or  γ = (65.6+0.9
−2.7)

∘

γ = (65.8 ± 2.2)∘ [UTFit]

[CKMFit]

https://link.springer.com/article/10.1007/s12210-023-01137-5
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.073007


Measurement of  at the LHCϕs

• Weak phase  precisely predicted by the SM


• New physics can change the value of  by up to ~100% [RMP 88 (2016) 045002]

ϕs

ϕs

30Combined result from CDF, D0, ATLAS, CMS, LHCb [HFLAV]

LHCb in , ,  B0
s → J/ψh+h− B0

s → ψK+K− B0
s → D+

s D−
s

ϕs = − 0.031 ± 0.018 rad
Global fits to experimental data assuming CKM paradigm: 

ϕs = − 0.0368+0.0009
−0.0006 rad

Another weak phase

https://hflav-eos.web.cern.ch/hflav-eos/osc/PDG_2021/HFLAV_phis_inputs.pdf


Summary and prospects
• Many exciting new experimental measurements with high statistics datasets

• Precision improving as datasets grow

• Novel techniques leveraging differential measurements and full angular dependence

• Significant work ongoing on theory side as well!
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Adapted from arXiv:2208.05403

61: PRL 108 (2012) 171802

62: JHEP 12 (2021) 141

63: EPJC 79 (2019) 706

70: PRD 81 (2010) 011101

71: JHEP 06 (2021) 019


72: PRL 127 (2021) 111801

67: PRD 89 (2014) 051104

68: PRD 79 (2009) 052003


69: JHEP 10 (2014) 165

64: PRD 83 (2011) 032007

65: PRD 83 (2011) 071101


66: Nature Phys 11 (2015) 743

https://arxiv.org/abs/2208.05403


Extra slides



D+

μ−

ν̄μ

K+

π−

π−D−

π+

Beam spot

Tag-side vertex

Signal-side vertex

7 GeV e− 4 GeV e+

B̄0

B̄0

B0

B0

B̄0
B0

High-precision vertexing
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Υ(4S)

and its importance for TDCPV

Improved vertex resolution 
due to pixel detector

(despite lower boost)



• Signal extraction in


• Yield extracted in bins of  by fitting the  distributionsw cos θBY

 from exclusive  untagged (189/fb) at Belle II|Vcb | B → Dℓ+νℓ

34

ar
Xi

v:
22

10
.1

31
43

cos θBY =
2E*BE*Y − m2

B − m2
Y

2 |p*B | |p*Y |

Determine  with fit using lattice QCD data for FF|Vcb |

Small EW correction ( )1.0066 ± 0.0050

Weighted average over  and  
(four decays)

B0, B+ e, μ

[NPB 196 83]

New result from Belle II



 from exclusive  untagged (189/fb) at Belle II|Vcb | B → D*−ℓ+νℓ
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Form factors parameterize the 
non-perturbative physics

w = vB ⋅ vD*

In good agreement with WA and recent Belle measurement: PRD 108, 012002 (2023)
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New result from Belle II



 moments from  decaysq2 B → Xcℓν
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arXiv:2205.06372

Improved Hadronic Tagging technique using Belle II 
algorithm (approximately twice better efficiency than Belle)

q2 = (psig − pXc
)2 MX = (pXc

)μ(pXc
)μ

Calibration factors

Event-wise signal probability

Acceptance corrected

Crucial experimental input for , HQE parameters|Vcb |



Crucial experimental input for , HQE parameters|Vcb |
 moments from  decaysq2 B → Xcℓν
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Belle II already reaches 
similar precision to Belle and 
can reach lower  thresholdq2

arXiv:2205.06372

arXiv:2109.01685

711 fb-1 711 fb-1

711 fb-1

arXiv:2109.01685



Measuring γ/ϕ3

• Angle γ does not depend on CKM elements containing a top quark

- Can be measured in tree-level B decays (weak phase between  and  transitions)

- Unlikely to be affected by BSM physics

- Negligible theoretical uncertainty in SM  benchmark for other determinations involving loop diagrams

b → c b → u

→

38

Strong phase difference

Favored Suppressed

 has the same dependence on the relative weak phase, , 
but different relative strong phase, , with , 

B− → Dπ− γ
δB Vus → Vud Vcs → Vcd



 measurement in  with Belle and Belle II dataγ B+ → D(K0
Sh+h−)h+
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Determine bin-by-bin asymmetries 
  

in each Dalitz plot bin i
(N−i

− − N+i
+ )/(N−i

− + N+i
+ )



Measurement of  with Belle and Belle II dataB± → DCP±K±

• Simultaneous fit to  and  with  decays to  eigenstatesB± → DK± B± → Dπ± D CP

40



Measuring  using  decays at LHCbγ B± → D*K±
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Fully reconstructed

Partially reconstructed

LHCb-PAPER-2023-029

Can reconstruct neutral ( )


or not

π0, γ



Breaks degeneracy in ADS and GLW-like decays
Direct measurements of  with multibody -decays at LHCbγ D

• Intermediate resonances introduce phase-space dependence on the  
-decay amplitudes


• Self-conjugate  modes described by Dalitz plots


• Measurement requires -decay strong-phase information as input

D
D → K0

Sh+h−

D

42

arxiv:2309.05514

γ = (49+23
−18)

∘

Binning schemes chosen to 
optimize sensitivity to  (isolate 

regions with similar )
γ

δD

Branching fractions lower than in 
, but interference is 

larger ( )
B± → DK±

rB0 ≈ 3rB±


