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The CKM matrix and the Unitarity Triangles 
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Ø  Describes the quark mixing in 
weak charged transitions 
Ø The CKM is unitary  
Ø 3 real parameters A, ρ, λ  and         
1 phase η  ➠ Vij are complex 
Ø Interfering amplitudes can give 
CP violating asymmetries 
Ø The CKM is the only source of 
CPV  in the SM 

VudVub
* +VcdVcb

* +VtdVtb
* = 0

The unitarity relations can be represented as triangles in the 
complex plane with angles related to CKM matrix elements 
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Time-dependent CP asymmetries 
�  CP violation arises from interference  between the 

two paths (decay with and without mixing)  

Time-dependent CP asymmetry: 

Decay amplitude ratio 
Phase factor due to mixing 

Independent  
of phase  
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Direct CPV Mixing-induced CPV 
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φM 

φD 

-φD 

Time-dependent (TD) asymmetries provide 
information on the  weak phase φd,s = φM - 2φD 

λ f = λ f e
iφd ,s =

q
p
⋅
Af
Af
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Direct CPV Mixing-induced CPV 
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φM 

φD 

-φD λ f = λ f e
iφd ,s =

q
p
⋅
Af
Af

TD asymmetries of B0
d decays do not 

have the AΔΓ term (ΔΓd ≈ 0)  

ACP
Bd (t) = −C f cos Δmd t( )+ S f sin Δmd t( )



β/φ1  
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Remember:   
α.β,γ at BABAR and LHC experiments  <=> φ2,φ1,φ3 at Belle and Belle II 



u

d

 Measuring β in b➝c transitions 
•  The angle β can be experimentally accessed exploiting the interference between 

B0-B0 box diagram (phase 2β)  and b➝c decay amplitudes (no weak phase) 
•  Not all b➝c decays are equivalent! 
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B0

B0

e-i2β

b➝ccs 
The golden modes 

b➝cud 
No penguin pollution. 
Benchmark for SM. 

b➝ccd 
Constraints for 
penguin pollution. 

J/Ψ

K0 

D(*)0

π 0 ,η,ω
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J/Ψ

B0

B0 B0



sin2β  from B0➝[cc] K0   
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•  Sin2β is becoming a precision 
measurement, even though 
single measurement 
uncertainties are still slightly 
dominated by statistics   

•  New data from LHCb Run 3 
and Belle II will lower the 
overall uncertainty to ≲1°, at the 
level of expected contamination 
of penguin diagrams 



A closer look to b → ccs transitions 

•  Precision on sin2β already less than 3%. Expected to go down to less 
than 1% with the next LHC and Belle II data 

Leading tree diagram:  
No complex phase in decay amplitude 

Suppressed SM penguin diagram:  
O(10-2) effects on sin2β

New Physics penguin diagrams 
could have a higher effect 
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Set a SM reference from b → cud decays  

Perform time-dependent CP analysis combining BABAR and Belle 
data sets. Overall  ~1.1 ab-1 ! 1240 x 106  BB events  

•  B0 → D(*)0 h0   (h0 = π0,η,ω) decays are mediated only by tree-level amplitudes  
==> penguin-pollution free  

•  Theoretically clean [NPB 659, 321 (2003)] 
•  Allows to test the precision measurements in b → ccs decays 
•  Can provide a SM reference for sin2β 

•  Experimental difficulties:  
•  If D0 → DCP: low branching fractions (both for B and DCP decays) 
•  If D0 →  KSπ+π- : many intermediate states => Dalitz-plot analysis  

•  The time-dependent analysis is sensitive to both sin2β and cos2β [PLB 624, 1 (2005)] 
•  Low reconstruction efficiencies and large background 
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Combined BABAR-Belle analysis of B0 → D 
(*)0 h0  
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•  B0 → D(*)h0  reconstructed modes: 
      D*0  → D0π0; D0→ ΚSπ+π-

   h0 modes : π0→γγ, η→γγ, 
       η→π+π-π0, ω→π+π-π0

•  Apply similar selection on both data sets 
•  Suppression of e+e- → qq continuum 

events by a NN algorithm 
•  Signal extracted by a 3D fit to Mbc/MES, ΔE 

and Neural Network Signal: BABAR 1129 ± 48;  Belle 1567 ± 56  
•  A common signal DP model is applied 

CP eigenstate Flavor eigenstate 

sin2β = 0.80 ± 0.14 ± 0.06 ± 0.03 
cos2β = 0.91 ± 0.22 ± 0.09 ± 0.07 
β ≡ φ1= (22.5 ± 4.4 ± 1.2 ± 0.6)° 

ü Observation of CP violation at 5.1 σ
ü  First evidence for cos2β > 0  (3.7 σ)
ü Direct exclusion of the 2nd solution:     
π/2 - β = (68.1± 0.7)° at 7.3 σ    

PRL 121 (2018) 261801  
PRD 98  (2018) 112012 



Constraining the effect of penguin pollution in b ➞ ccs 
•  Penguin diagrams in b ➞ ccs with different weak phase are doubly 

Cabibbo-suppressed  
•  Penguin diagrams in b ➞ ccd  are of the same order as the tree diagram 
⇒  Use 2βeff = 2β + Δ2β measured in these decays, together with SU(3) 

symmetry, to constrain size and phase shift due to penguin pollution in 
favored b ➞ ccs :   δp ~ εΔ2β, where ε=λ2/(1-λ2) ~0.053, is the P/T 
Cabibbo-suppression factor  

Examples:   
-  Bd ➞ J/ψ π0, J/ψ ρ0   to constrain  Δ2β≣Δφd in  Bd ➞ J/ψ K0   [Ciuchini et al., 

PRL 95, 221804;  Faller et al., PRD 79, 014030] 
-   Bd ➞ J/ψ π+π- and Bs ➞ J/ψ Κ*0   to constrain Δφs   in Bs ➞  J/ψ φ  [Faller et al., 

PRD 79, 014005] 
-  Similar arguments hold for other charmonium states 
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B0 ➞ J/ψ π0 at Belle 
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PRD98 (2018) 112008 

Bd ➞ J/ψ π0,
J/ψ ➞ µ+µ-, e+e-,
π0 ➞ γγ.

•  Evidence for 
mixing-induced 
CPV (S ≠ 0 at 3σ) 

•  A≡-C consistent 
with zero 

S=−0.59±0.19±0.03
A=−0.15±0.14

−0.03
+0.04

Signal: 330±22 
BB bkgd 
qq bkgd 
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Penguin decays 



Time-dependent CPV in 𝑩𝑩𝟎𝟎 → 𝝅𝝅𝟎𝟎𝝅𝝅𝟎𝟎𝑲𝑲𝑺𝑺

• Motivation 

- 𝑏𝑏 → 𝑠𝑠𝑞𝑞�𝑞𝑞 mainly process via loop diagram 
• Sensitive to NP

- The asymmetry parameters within the SM : 
• 𝒜𝒜𝑠𝑠𝑠𝑠�𝑠𝑠 ≃ 0, 𝒮𝒮𝑠𝑠𝑠𝑠 �𝑠𝑠 ≃ −𝜉𝜉𝑓𝑓sin2𝜙𝜙1 𝜉𝜉𝑓𝑓: CP eigenvalue

- sin2𝜙𝜙1 can be precisely measured in tree 
dominated 𝑏𝑏 → 𝑐𝑐 ̅𝑐𝑐𝑠𝑠 decay.
• 𝒮𝒮𝐽𝐽/𝜓𝜓𝐾𝐾𝑆𝑆0 ≃ sin2𝜙𝜙1 = 0.695 ± 0.019

- Observing deviation of |𝒮𝒮𝑠𝑠𝑠𝑠 �𝑠𝑠 − 𝒮𝒮𝐽𝐽/𝜓𝜓𝐾𝐾𝑆𝑆0| can be 
the sign of NP
• World Average 𝒮𝒮𝑠𝑠𝑠𝑠 �𝑠𝑠 = 0.69 ± 0.02

2018-07-06 ICHEP 2018 | TDCPV at Belle 13

BaBar result
(2007)

Penguin-dominated B decays 
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•  b → s penguin are very sensitive to NP 
•  Contamination from tree diagrams (phase 
γ) Cabibbo and/or color suppressed 

•  Within the SM, same weak phase as           
b → ccs processes:  

•  Csqq ≈ 0, Ssqq ≈ -ηf sin2β  

•  Observing  Ssqq ≠ SJ/ψKs might indicate 
presence of NP particles 

•  Overall, good consistency between 
averaged penguins and b → ccs CPV 
•  but not always straightforward to make 

averages 



B0 ➞ KS π0π0 at Belle 
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•  770M BB pairs (3.4X BABAR dataset) 

PRD99 (2019) 011102 

Consistent with BABAR PRD 76 (2007) 071101 
S = −0.72 ± 0.71 ± 0.08 
C ≡ -A =  0.23 ± 0.52 ± 0.13 

S=−0.92
−0.27
+0.31 ±0.11

A≡ −0.15±0.21±0.04

•  Reconstruct  ΚS → π+π-, π0→ γγ 
•  ee →  qq background described with a 

likelihood based on event-shape variables 
•  Signal extraction via a 3D unbinned 

maximum likelihood fit to 
•  ΔE, Mbc, qq-likelihood distributions 

•  Signal yield: 146.7 ± 23.6 events 
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Charmless  
B0

d,s ➞ h+h- 
decays 
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B0 ➞ h+h-  and  B0
s ➞ h+h- 
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�  B0 ➞ π+π-  provides the determination of the UT angle α/φ2  
�  via the Gronau-London isospin relations with B0 ➞ π0π0  and  B+ ➞ π+π0 

�  B0 ➞ π+π-  and B0
s ➞ Κ+Κ-  related by U-spin symmetry 

�  The combined analysis of BFs and CP asymmetries allows for stringent constraints to 
the CKM angle γ and to the CP-violating phase -2βs 

�  Need to account for U-spin symmetry breaking effects 

TD analysis of  B0
d,s ➞ h+h-  by LHCb 

Use a data sample of 3.0 fb-1  at 7 & 8 TeV from Run1 
Selected candidates in mutually exclusive π +π − , K +K − , and K ±π ∓ samples

B0"K+π-  
~94k 

  
Bs"π+K-  

~7k  

B0"π+π- 

~29k  
Bs"K+K- 

~37k  

PRD98 (2018) 032004 

mΚπ mππ mΚΚ

[PRL 65 (1990) 3381] 

[PLB 459 (1999) 306, PLB 482 
(2000) 71,  JHEP 10 (2012) 29] 



B0
d ➞ h+h- and B0

s ➞ h+h- 
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�  CP asymmetries obtained by a simultaneous unbinned maximum likelihood fit 
to the π+π-, Κ+Κ- and Κ+/-π-/+   distributions 

Fitted TD CP asymmetries by tagging  

PRD98 (2018) 032004 

OS SS OS SS OS SS 
B0

s→Κ+Κ- B0→Κ+π-B0→π+π-

•  Most precise single measurements. 
•  In agreement with previous 

measurements and SM predictions 

•  The significance for (CKK, SKK, AKK) ≠ 
(0,0,1) is ~4σ  

•  The addition of Run 2 data will provide 
the sensitivity for a discovery 

HFLAV 2017 
(Cπ+π-,Sπ+π-) = (-0.31±0.05, -0.66±0.06) 
(AB0d, AB0s)= (-0.082±0.006, -0.26±0.04) 
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 φs  from Bs ➞ J/ψ h+h- 



φs from Bs ➞ J/ψ φ
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Measurement of �s in B0
s
! J/ (! µ+µ�)K+K� decays

Mixing �M = 2arg (VtbV
⇤
ts)

Decay �D = arg (VcbV
⇤
cs)

�s = �M � 2�D

SM
= �2 arg

⇣
�VcbV

⇤
cs

VtbV
⇤
ts

⌘
⌘ �2�s (neglecting penguin contributions)

Theoretically clean: �s

SM
= �0.0370± 0.0010 rad [UTfit]

�s

SM
= �0.0368+0.00096

�0.00068 rad [CKMFitter]

Accessible by measuring the time-dependent asymmetry

ACP(t) =
�B0

s
� �

B̄0
s

�B0
s
+ �

B̄0
s

=
Sf sin (�mt)� Cf cos (�mt)

cosh (��t/2)� A�� sinh (��t/2)

�f =
qA

f

pĀ
f

, �s = � arg (�f ), Cf =
1�|�

f
|2

1+|�
f
|2

, Sf =
2I(�

f
)

1+|�
f
|2

, A�� = �
2R(�

f
)

1+|�
f
|2
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•  Measuring φs is the analogue of 
the sin2β measurement. 

•  Bs ➞ J/ψ φ is the golden mode 

•  SM values of φs strongly constrained 
by other CKM measurements 

•  Experimental determination much 
less precise  

•  Bs ➞ J/ψ φ (and J/ψ Κ+Κ-) is an 
admixture of CP-even and CP-odd 
final states, with a non-resonant        
S-wave component 

•  φ: CP+ (A0+A||) + CP- (A⊥) 
•  S-wave: (AS) 

è Perform an angular analysis to 
disentangle the various components  

φs = φM − 2φD ≅− 2arg −
VtsVtb

*

VcsVcb
*

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟≡− 2βs

φs ≅− 2βs =−36.9−0.7
+1.0 mrad

φs = − 21±31mrad
[CKMfitter] 
HFLAV 2018  



Bs ➞ J/ψ φ  
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•  Data set: 80.5 fb-1 at 13 TeV (Run 2) 
•  ~60fb-1 of Run 2 data yet to be analyzed 
•  Unbinned  Maximum Likelihood fit to mass, proper 

decay time, its uncertainty, tagging probability and 
transversity angles. 

•  Tagging power εtagD2≈1.65% 
•  Extract: φs, Γs, ΔΓs, A0, A||, A⊥ 

ATLAS-CONF-2019-009 

φT 

cosθT 

cosψT 

~470k 
signal evts 



Bs ➞ J/ψ φ 
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Fit results on Run 2 

ATLAS-CONF-2019-009 

•  Uncertainties comparable to that of LHCb 
•  Expect significant improvement with the inclusion 

of the not yet analyzed Run 2 data sample 



Bs ➞ J/ψ Κ+Κ- 
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~117k signal evts 

•  Very low background and high statistics 
•  Peaking Λb→ J/ψ pΚ-  background 

estimated from simulation and subtracted 

•  Data analyzed in 6 bins of mKK, 
including the φ-resonance peak 

  
 

�  Dominated by resonant φ→ΚΚ production. 
�  Analysis based on ~2fb-1 Run 2 data (2015 and 2016 data) 
�  Improved tagging power w.r.t. previous Run 1 analyses: 4.7% vs 3.7% 
�  Fit TD distributions to measure φs, |λ|, ΔΓs, and Γs-Γd 

LHCB-PAPER-2019-013 



Bs ➞ J/ψ Κ+Κ- 
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Simultaneous fit to the decay time and the three helicity angle 
distributions, in the 6 mΚΚ intervals

•  All results consistent with the SM 

LHCB-PAPER-2019-013 

Total fit    CP-odd  
CP-even    S wave 

Presented by Emmy Gabriel 
yesterday at parallel session 

Preliminary 



Bs ➞ J/ψ π+π- 
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•  π+π- in S-wave (mainly f0(980) →π+π-) => J/ψ only longitudinally polarized  
è J/ψπ+π- entirely CP-odd (contamination of CP-even measured to be <2.3% at 

95%C.L.). 
•  Nevertheless the full angular  analysis is performed allowing for a CP-even component 
•  Analysis based on ~2fb-1 Run 2 data (2015 and 2016 data) 
•  Improved tagging power w.r.t. previous Run 1 analyses: 5.1% vs 3.9% 

Fit to the decay time, the 
three helicity angles and 
mππ distributions 

Results from fit to Run2 data 

~33k signal evts 

Reconstructed m(J/ψ π+π-) distribution 

m
π +π -

arXiv:1903.05530 
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φs (rad) ΔΓs (ps-1) 
ATLAS  [1] -0.076 ± 0.034 ± 0.019 0.068 ± 0.004 ± 0.03 
LHCb   [2] -0.040 ± 0.025 0.081 ± 0.005  

New HFLAV aver. -0.054 ± 0.021 0.0762 ± 0.0033 
[1] ATLAS-CONF-2019-009;     [2] Moriond QCD talk by Andrea Contu 

Including latest ATLAS results [ATLAS-CONF-2019-009]

Combination of ATLAS results (
p
s =7, 8 and 13 TeV):

�s = �0.076± 0.034(stat)± 0.019(syst) rad
��s = 0.068± 0.004(stat)± 0.003(syst) ps�1

New HFLAV average
�s = �0.0544± 0.0205

��s = 0.0762± 0.0033 ps�1

Thanks to the HFLAV team!
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Spring 2019 status: New HFLAV average 

φs current status 
Combinations of available measurements 

•  Significant improvement after the 
latest ATLAS and LHCb results 

•  Overall consistency among 
measurements 

•  φs average is ~2σ away from zero  
•  Consistent with constraints from 

CKM measurements 

•  Lots of data from LHC Run 2 still 
to be analyzed 

Preliminary 
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Penguin-dominated decays  
Bs ➞ VV 



Bs ➞ φφ

May 9, 2019 Fabio Anulli - TD CP Violation in B decays 28 

�  Forbidden at tree level 
�  Proceeds mainly via gluon penguin  b → sss  
� Mixing and decay phase are expected to 

cancel =>  
� UL from QCD factorization: 

φs
sss ≈ 0

φs
sss < 0.02 rad

�  Based on 5 fb-1 of data taken in Run1 and 2 
�  Update of previous measurement based on 

3fb-1 of Run1 only 
�  Reconstruction of  a 4-kaon vertex consistent 

with a φ decay 

�  Background removed with a MLP function 
�  Peaking bkg Λb → φpK- estimated from data 
�  Fitted signal: 8481±101 events 
�  Search also for B0 decay:  

�  B(B0 ➞ φφ) < 2.4 x 10-8 at 90% C.L. 

Reconstructed mass distribution 

LHCb-PAPER-2019-019 

[arXiv:0810.0249, PRD80 (2009) 114026] 



Bs ➞ φφ 
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Angular analysis in helicity basis to disentangle the different CP components 

�  Precision improved w.r.t. previous 
LHCb measurement, but still largely 
dominated by statistical uncertainty 

�  Additional search with triple 
asymmetries shows no CP violation 

LHCb-PAPER-2019-019 

Total fit       CP-odd  
CP-even     S wave 

Presented by Emmy Gabriel 
yesterday at parallel session 

Preliminary 



Prospects for the future 
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�  LHCb and Belle II will be the major player in B physics in the coming years 

Raise operational Luminosity in Run 3 to 
2x1033cm-2s-1   (5x higher than Run 2) 
•  Significant detector upgrade 
•  Move to a full sofware trigger to 
improve the collection of hadronic modes 

Run 2 Run 3 

Sensitivity on φs with integrated luminosity 

0.01 

•  Physics reach complementary to LHCb 
•  Commissioning run (~500 pb-1) in 2018, with 

no vertex detector (VXD) 
•  Physics run with VXD started in 2019    
• Expect 10 fb-1 by end of 2019 and ~500 fb-1 

by of 2020    
•  Running time limited by available budget 

Long term projection for sin2β in B0 → J/ψK0 

LHCb Belle II 

Courtesy by A. Gaz 
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�  LHCb and Belle II will be the major player in B physics in the coming years 

Raise operational Luminosity in Run 3 to 
2x1033cm-2s-1   (5x higher than Run 2) 
•  Significant detector upgrade 
•  Move to a full sofware trigger to 
improve the collection of hadronic modes 

Run 2 Run 3 

Sensitivity on φs with integrated luminosity 

0.01 

•  Physics reach complementary to LHCb 
•  Commissioning run (~500 pb-1) in 2018, with 

no vertex detector (VXD) 
•  Physics run with VXD started in 2019    
• Expect 10 fb-1 by end of 2019 and ~500 fb-1 

by of 2020    
•  Running time limited by available budget 

Long term projection for sin2β in B0 → J/ψK0 

LHCb Belle II See talks on Friday session on future of 
B-physics for a detailed discussion 

Hulya Atmacan  Silvia Gambetta 

Courtesy by A. Gaz 



Summary 
� TD analyses continue to be an important tools to study CP violation 

and test the SM  
� The advent of LHC experiments (primary LHCb) opened the door 

to the systematic study of the Bs system 
� The first-generation B factories are still competitive in the 

measurement of CP asymmetries within the B0 system  
� Belle II will join this effort soon 
�   The uncertainty on sin2β from b➝ccs decays is 0.02 
�  almost at the level to see effects from SM (and possibly NP) penguin diagrams 

� The precision on φs is rapidly improving thanks to the many new 
measurements of  Bs decays 

� All measurements shown today are (largely) statistically limited 
==>  We need data, and then … more data! 
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Summary 
� TD analyses continue to be an important tools to study CP violation 

and test the SM  
� The advent of LHC experiments (primary LHCb) opened the door 

to the systematic study of the Bs system 
� The first-generation B factories are still competitive in the 

measurement of CP asymmetries within the B0 system  
� Belle II will join this effort soon 
�   The measurement of sin2β from b➝ccs decays at ~2% level 
�  almost at the level to see effects from SM (and possibly NP) penguin diagrams 

� The precision on φs is rapidly improving thanks to the many new 
measurements of  Bs decays 

� All measurements shown today are statistically limited 
==>  We need data, and then … more data! 
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BACKUP 
SLIDES 



TD measurements techniques 
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e-àße+ 

B0
2 fully reconstructed 

Flavour or CP eigenstate 

−
ℓ

−K

Δt ≈ Δz/<βγc> 

ϒ(4S) 

B0
1 partially reconstructed 

 flavor tagging    εD2 ⪞ 30% 

Δz~250µm BABAR 
Δz~200µm Belle 
Δz~130µm Belle II 

flavor tagging  
εD2 ~ 1.5-5% 

Same Side (SS) 

Opposite Side (OS) 

Fully 
reconstructe
d  B0 or Bs 



The CKM picture 
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Summer 2018 global CKM fits by the  CKMfitter collaboration,  



sin2β  from b➝[cc]s 

BABAR,  PRD 79, 072009 (2009) 
S = 0.687 ± 0.028 ± 0.012
C = 0.024  ± 0.020 ± 0.016

S =  0.667 ± 0.023 ± 0.012
C =  -0.006  ± 0.016 ± 0.012

Belle, PRL 108, 171802 (2012) 

ηf = -1 ηf = +1 

•  BABAR and Belle established CPV in the B system, and brought the precision of 
the  measurements of sin2β down to 3%  ( σβ<1o )   
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sin2β  from B0➝[cc] KS  by LHCb 
•  Run1 data set of 3.1 fb-1. 
•  Reconstruct J/ψ→µ+µ-  [PRL115, 031601],  and                   

J/ψ→e+e- and ψ(2S)→µ+µ-  [JHEP11, 170]  
•  Reconstruct KS → π+π-  
•  Excellent resolution on proper-time measurement  (~60 fs) 
•  Effective tagging efficiency from 3 to 6%. 
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PRL 115, 031601 (2015) 

•  Measured asymmetry 

JHEP 11 (2017) 170: LHCb average 

B0 → J/ψ→µ+µ- 



Belle II 
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Belle II 

May 9, 2019 Fabio Anulli - TD CP Violation in B decays 40 

�  LHCb and Belle II will be the major player in B physics in the coming years 
•  SuperKEKB target luminosity: 8x1035cm-2s-1, with nano-beam scheme 
•  Major improvement w.r.t. the original Belle detector  
•  Physics reach complementary to LHCb 
•  Phase 2 (2018): beam commissioning and first physics studies with no vertex detector 
~500 pb-1 collected. 
•  Phase 3 from 2019 on: Physics run with vertex.    

•  Expect 10 fb-1 by end of 2019 
•  Complete installation of  Vertex Detector in 2020 
•  Running time per year limited by available budget 

Projection for sin2β in J/ψK0 and penguin φK0  modes ≈BABAR data set 

LHCb LHCb 



LHCb upgrade 
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�  LHCb and Belle II will be the major player in B physics in the coming years 
Raise operational Luminosity in Run3 to 2x1033cm-2s-1 

•  Significant detector upgrade (mainly tracking and vertexing, and electronics) 
•  Move to a trigger-less readout (i.e. full sofware trigger) to improve the collection of 
hadronic modes 

Run2 Run3 

Sensitivity on φs with integrated 
luminosity 


