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Understanding the unitarity triangle
• The turn of the century heralded an new era to test the CKM matrix

qj = d, s, b

W+

Vij

qi = u, c, t

Bd ! ccK0
S,L, ⌘

0K0
S,L, cc⇡

0,K+K�K0
S,L, etc.

B ! ⇡⇡, ⇢⇡, ⇢⇢, a1⇡

B ! D(⇤)K(⇤)
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The unitarity triangle
• CP (and T) violation gives the angles of the triangle 

• Semileptonic decays tell us about the length of the non-trivial sides 

• This talk touches on a few highlights - there are so many results and 
over 600 papers from BaBar alone, and a similar number from Belle; 
so it is impossible to cover them all.

https://orcid.org/0000-0002-4105-9629
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Understanding the unitarity triangle
• For CP violation to be manifest we need to measure the effect of a 

non-zero phase difference between two or more interfering 
amplitudes 

• Three different types of CP violation: 
• In mixing 
• In decay (direct CP violation) 
• In the interference between the two 

• Measuring the sides requires: 
• Determination of decay rates 
• Deep understanding of how to interpret those as |Vij |

https://orcid.org/0000-0002-4105-9629
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CP violation
• In the 1980’s new CP violation tests were being explored 
• An important paper stood out among others

• KM, superweak and 
Higgs multiplet theories 
could all give rise to 
sources of CP violation. 

• What description was 
correct? 

• How do we test that?

Nuclear Physics B193 (1981) 85-108 

https://orcid.org/0000-0002-4105-9629
https://www.sciencedirect.com/science/article/abs/pii/0550321381905198?via=ihub
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The plan… the BaBar Physics Book
• Great for onboarding new 

staff and students ahead of 
data taking 

• Introduction to the theory 

• Overview of the experiment 

• Methods: neural networks, 
flavour tagging etc. 

• β, α, γ, |Vcb|, |Vub|, rare 
decays and other non-CP 
physics

SLAC-R504

https://orcid.org/0000-0002-4105-9629
https://slac.stanford.edu/pubs/slacreports/reports19/slac-r-504.pdf
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Evolution of the triangle apex
• B Factories start to have an impact in 2000 soon after starting up

UTfit.org

https://orcid.org/0000-0002-4105-9629
http://UTfit.org
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Part 1: CP violation
• β=φ1

b → ccs

https://orcid.org/0000-0002-4105-9629
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The golden mode: B0 → J/ψK(*)0
• Preliminary results 14 months after data taking started

ICHEP, Osaka 2000: sin(2β) = 0.12 ± 0.37(stat) ± 0.09(syst)

B-mixing preliminary 
results using 8.9fb-1

hep-ex/0008052

BABAR-CONF-00/01

B → J/ψKS(π+π−)

https://orcid.org/0000-0002-4105-9629
https://arxiv.org/abs/hep-ex/0008052
https://arxiv.org/pdf/hep-ex/0008048.pdf
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The golden mode: B0 → J/ψK(*)0
• First paper Feb 2001 using 23×106 neutral B meson pairs

sin(2β) = 0.34 ± 0.20(stat) ± 0.05(syst)

Phys.Rev.Lett.86:2515-2522,2001 

https://orcid.org/0000-0002-4105-9629
https://arxiv.org/abs/hep-ex/0102030
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The golden mode: B0 → J/ψK(*)0
• Quickly discovered CP violation in B decays: July 6th 2001; a few 

weeks over 2 years after data taking started
EPS, 2001: sin(2β) = 0.59 ± 0.14(stat) ± 0.05(syst)

Using 32fb-1

Phys.Rev.Lett.87:091801,2001

https://orcid.org/0000-0002-4105-9629
https://arxiv.org/abs/hep-ex/0107013
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The golden mode: B0 → J/ψK(*)0
Final result: 2008 - but not the end of golden mode studies!

 sin(2β) = 0.687 ± 0.028(stat) ± 0.012(syst)

Phys.Rev.D79:072009,2009

Using 425.7fb-1

https://orcid.org/0000-0002-4105-9629
https://arxiv.org/abs/0902.1708
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T-violation studies
• Compare different CP and 

flavour filter modes to 
construct T, CP and CPT 
asymmetries 

• T is broken (and measures 
±2 sin(2β)

T conservation
Phys. Rev. Lett. 109, 211801 (2012)

https://orcid.org/0000-0002-4105-9629
https://arxiv.org/abs/1207.5832
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Throwing in a curveball
• Penguin modes measuring 

 generated a lot of interest 
in the early days: was there new 
physics around the corner? 

• Belle’s 2003  result 
sparked a new wave of non-
golden mode studies. 

sin2β

B → ϕKS

https://orcid.org/0000-0002-4105-9629
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 @ BelleB → ϕKS
 

•  2.1σ deviation from  at the time 

• As we learned on BaBar, extra care 
is required when doing time-
dependent analyses of small data 
sets: 

• Yields - see Poisson fluctuations 
from continuum background 
reflected in signals 

• Time-dependent parameters can 
have non-gaussian errors

sin2β = − 0.73 ± 0.64 ± 0.22

ccs

K. Abe et al., Phys.Rev.D 67 (2003) 031102

B0

B0

https://orcid.org/0000-0002-4105-9629
https://arxiv.org/abs/hep-ex/0212062
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Part 1: CP violation
• α=φ2 

• More complicated to interpret results as these are combinations of 
tree and penguin modes

b → uud

https://orcid.org/0000-0002-4105-9629
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B → ππ
• Main focus in the first few years of data taking

 S = sin 2α
C = 0

Interference 
between box and 
tree diagrams 
gives us  

Just like  
with  

… but

α

sin 2β
J/ψK0

S

https://orcid.org/0000-0002-4105-9629
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B → ππ
• Main focus in the first few years of data taking

 
 

S = 1 − C2 sin 2αeff
C ∝ sin(δ)
δ = δP − δT

“Penguin pollution” 
complicates 
extraction of α

https://orcid.org/0000-0002-4105-9629
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Gronau-London I-spin analysis
• SU(2) gives us a way to constrain penguin pollution and extract α

M. Gronau, D. London, Phys. Rev. Lett. 65, 3381

Need branching ratio 
and CP asymmetries of: 
   
   
  

Bd → π+π−

B±
u → π±π0

Bd → π0π0

https://orcid.org/0000-0002-4105-9629
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.65.3381
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 (2002, BaBar)B → ππ
•  gives S and C 

• Clean two-track final state

B0
d → π+π−

Phys.Rev.Lett. 89 (2002) 281802

 S = − 0.01 ± 0.37 ± 0.07
C = − 0.02 ± 0.29 ± 0.07

https://orcid.org/0000-0002-4105-9629
https://arxiv.org/abs/hep-ex/0205082
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 (2003, Belle)B → ππ
•  gives S and C 

• ‘Perfect’ signal event dominated 

• Drove the fitted values unphysical 

B0
d → π+π−

Phys.Rev.D 68 (2003) 012001

 S = − 1.23 ± 0.41+0.08
−0.07

Aππ = + 0.77 ± 0.27 ± 0.08 [ = − C]

https://orcid.org/0000-0002-4105-9629
https://arxiv.org/abs/hep-ex/0301032
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 (2003)B → ππ
•  is the key to extracting , but was much larger than 

expected 
• Proof that penguins were large in  …

B0
d → π0π0 α

B → ππ

Phys.Rev.Lett.91:241801,2003

https://orcid.org/0000-0002-4105-9629
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.91.241801
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B → ρπ
• Initial measurements took a quasi 2 body 

approach to extracting  from  

• Measure  

•  final state analysed simultaneously 

α ρπ

ACP, S, C, ΔS, ΔC

ρK

Phys.Rev.Lett.91:201802,2003

https://orcid.org/0000-0002-4105-9629
https://arxiv.org/abs/hep-ex/0306030
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B → ρπ
• Evolving to a Dalitz analysis approach required new tools 

• where
ICHEP 2004, BABAR-CONF-04/38, SLAC-PUB-10658

https://orcid.org/0000-0002-4105-9629
https://arxiv.org/abs/hep-ex/0408099
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B → ρρ
• Hints that penguins might be small (and longitudinally dominated) 

for  existed …ρρ

Phys.Rev.D76:052007,2007

More challenging variant than , but 
SU(2) isospin analysis works 

Longitudinal (CP even) and 
transverse (CP admixture) 
components to study 

Longitudinal component dominates:

ππ

https://orcid.org/0000-0002-4105-9629
https://arxiv.org/abs/0705.2157
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Constraining α
• Combinations of these three approaches are used to determine the 

angle
Each approach plays a 
role: 
• precision is dominated 

by  
• both  and  lift 

ambiguity

ρρ
ππ ρπ

BaBar+Belle as of 2014 

https://orcid.org/0000-0002-4105-9629
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Part 1: CP violation
• γ=φ3 

• Focus was on combinations of measurements to constrain γ 

b → c interfering with b → u

https://orcid.org/0000-0002-4105-9629
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Measuring γ
• Lots of different ideas on how to measure needed exploration 

• Triangle relations among decay amplitudes 

•  and related decays 

• Amplitude relations for  decays 

• Partial reconstruction of  to extract  

•  mixing

B± → DK±

Bu,d → πK

Bd → D(*)π sin(2β + γ)
Bs − Bs

https://orcid.org/0000-0002-4105-9629
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Measuring γ
• Lots of different ideas on how to measure needed exploration 

• Triangle relations among decay amplitudes 

•  and related decays 

• Amplitude relations for  decays 

• Partial reconstruction of  to extract  

•  mixing (no  running)

B± → DK±

Bu,d → πK

Bd → D(*)π sin(2β + γ)
Bs − Bs Υ(5S)

LHCb did a great job of 
measuring  mixing @ the LHCBs

https://orcid.org/0000-0002-4105-9629
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Measuring γ
• Lots of different ideas on how to measure needed exploration 

• For example:  resulted in  B → D(*)K(*) γ = (69 ± 17)∘

BaBar 
Belle 
Average

Used the ADS, 
GLW and GGSZ 
methods to 
determine γ from 
DK final states

https://orcid.org/0000-0002-4105-9629
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Part 2: sides
• |Vcb|

b → Xcℓν

https://orcid.org/0000-0002-4105-9629
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Part 2: sides
• |Vub|

b → Xuℓν

https://orcid.org/0000-0002-4105-9629
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Measuring the sides

• Detailed pre-data taking studies concluded attainable precisions of: 

• Theoretical uncertainties should dominate

|Vcb | = . . . ± 0.0004 ± 0.0012(±1% ± 3%)
|Vub | = . . . ± 0.0001 ± 0.0004(±2.5% ± 10%)

https://orcid.org/0000-0002-4105-9629
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Measuring the sides
• HQET used for |Vcb| 

measurement 

https://orcid.org/0000-0002-4105-9629
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Measuring the sides
• HQET used for |Vcb| 

measurement 

• B Factory average (2014)

https://orcid.org/0000-0002-4105-9629
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Measuring the sides
• Different schemes for extracting 

|Vub| were used 

• Huge intellectual endeavour 
to perform inclusive and 
exclusive measurements 

• Overall precision better than 
anticipated in the Physics 
book 

• BLNP results (2016) shown

https://orcid.org/0000-0002-4105-9629
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Summing it all up
• The triangle closes

These results are from UTfit, CKM Fitter and a scan method have been 
used to check closure of the triangle - all methods broadly agree

Angles only Sides only

https://orcid.org/0000-0002-4105-9629
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Summing it all up
• The triangle closes

These results are from UTfit, CKM Fitter and a scan method have been 
used to check closure of the triangle - all methods broadly agree

All constraints

https://orcid.org/0000-0002-4105-9629
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Summing it all up
• The triangle closes

These results are from UTfit, CKM Fitter and a scan method have been 
used to check closure of the triangle - all methods broadly agree

G. Eigen et al., CALT 68-2902

https://orcid.org/0000-0002-4105-9629
https://arxiv.org/abs/1301.5867
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Summing it all up
• The triangle closes 
• CKM provides the standard model description of CP violation 
• Kobayashi and Maskawa were awarded the Nobel Prize in 2008

M. Kobayashi and T. Maskawa, Prog. Theor. Phys 49, 652 (1973). 

https://orcid.org/0000-0002-4105-9629
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Deep reflection … 
• 172 authors from the global community came together to reflect on 

the work we did on BaBar and Belle for the Physics of the B 
Factories book

arXiv:1406:6311
Eur. Phys. J. C74 (2014) 3026

https://orcid.org/0000-0002-4105-9629
https://arxiv.org/abs/1406.6311
https://doi.org/10.48550/arXiv.1406.6311
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Deep reflection … 
• 172 authors from the global community came together to reflect on 

the work we did on BaBar and Belle for the Physics of the B 
Factories book

Completed just in time for the 50th anniversary 
of the discovery of CP violation in 2014

@ 50 years of CP violation

https://orcid.org/0000-0002-4105-9629
https://indico.ph.qmul.ac.uk/indico/conferenceDisplay.py?ovw=True&confId=15
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Summary
• The quest to discover CP violation in B decays was quickly 

completed 
• We turned to understanding what that meant and searching for 

patterns that did not fit the Standard Model 
• … and we found anomalies; some of those anomalies remain open 

questions today …

https://orcid.org/0000-0002-4105-9629


Adrian BevanORCID-0000-0002-4105-9629 50

Summary
• The quest to discover CP violation in B decays was quickly 

completed 
• We turned to understanding what that meant and searching for 

patterns that did not fit the Standard Model 
• … and we found anomalies; some of those anomalies remain open 

questions today 
• Everything related to tests of the CKM matrix points to the KM 

mechanism working exceedingly well 
• Both BaBar and Belle continue to publish results

https://orcid.org/0000-0002-4105-9629

