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CKM angles of  and γ β

Outline
Only Run 1 and Run 2 results today!

CPV in charm sector 
with LHCb and now CMS!

Effective lifetimes..



through the tree level decays ..

a decade of CKM 
massive improvement

 measurement ! γ
2012 2023

http://ckmfitter.in2p3.fr
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CPV in  B0 → DK*(892)0

 meson is reconstructed through various hadronic states  
(π+π−, K+K−, 4π± ) and (K∓π±, K±π∓π+π-) 
Simultaneous fit to D final states in /  invariant mass to 
extract CPV observables.

D0/D0

B0 B0

γ = (62 ± 8)∘

B0

60% improvement compared  
to the previous best

B0 → D0( → K3π)K*

JHEP 05(2024)025

https://link.springer.com/article/10.1007/JHEP05(2024)025
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CPV in  B0 → DK*(892)0

Combined with recent LHCb measurement 
of  with  [ ]B0 → D0K* D0 → K0

s h+h− h = K, π

γ = (63.3 ± 7.2)∘

γ = (49+22
−19)

∘

Eur.Phys.J.C 84 (2024) 2, 206 

JHEP 05(2024)025

https://link.springer.com/article/10.1140/epjc/s10052-023-12376-z
https://link.springer.com/article/10.1007/JHEP05(2024)025
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 in γ B± → D*h±

   as  D* → Dπ0/γ D → K0
s π+π−/K0

s K+K−

Most precise measurement 
in these modes!

 strong phase inputs from BESIII and CLEO

JHEP12(2023)013

Approach 1 :  fully reconstructed final states 
γ = (69+13

−14)
∘

https://link.springer.com/article/10.1007/JHEP12(2023)013
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 in γ B± → D*h±

   as  D* → Dπ0/γ D → K0
s π+π−/K0

s K+K−

 strong phase inputs from BESIII and CLEO

JHEP12(2023)013

Approach 2 :  partially reconstructed final states 

γ = (92+21
−17)

∘

γ = (69+13
−14)

∘

Negligible correlation within two approaches.
JHEP02(2024)118

  parameters propagates the difference in  precision.rB γ

https://link.springer.com/article/10.1007/JHEP12(2023)013
https://link.springer.com/article/10.1007/JHEP02(2024)118


 angle through the  decays β(s) b → cc̄s
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𝛃 angle with B0 → ψ( → ll)Ks

Pure CP-even mode, no angular analysis needed

𝒜CP(t) =
Γ(B̄0(t) → f ) − Γ(B0(t) → f )
Γ(B̄0(t) → f ) + Γ(B0(t) → f )

=
S sin(Δmdt) − C cos(Δmdt)

cosh(1/2ΔΓdt) + AΔΓ sinh(1/2ΔΓdt)

S= CPV in mixing
C= CPV in direct decays 

S ≈ sin2β

CPV parameters:

time-dependent CP asymmetry 

[Phys. Rev. Lett. 132 (2024) 021801]

  : ~306K 
 : ~43K 

 : 24K

B0 → J/ψ( → μ+μ−)Ks
B0 → ψ(2S)( → μ+μ−)Ks
B0 → J/ψ( → e+e−)Ks

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.021801


OZLEM OZCELIK04/06/24 10

𝒜CP(t) =
Γ(B̄0(t) → f ) − Γ(B0(t) → f )
Γ(B̄0(t) → f ) + Γ(B0(t) → f )

  : ~306K 
 : ~43K 

 : 24K

B0 → J/ψ( → μ+μ−)Ks
B0 → ψ(2S)( → μ+μ−)Ks
B0 → J/ψ( → e+e−)Ks

More precise than WA! 
sin(2β) = 0.699 ± 0.017

Pure CP-even mode, no angular analysis needed

𝛃 angle with B0 → ψ( → ll)Ks
[Phys. Rev. Lett. 132 (2024) 021801]

Phys. Rev. D 107, 052008

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.021801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.052008
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Time-dependent CPV -  ϕs

ϕSM
s = − 2βs = arg(−VtsV*tb/VcsV*cb)

SM prediction of  is highly suppressed compared to  system
    -2  = -0.037±0.001 rad.  

ϕs B0

ϕs ≈ βs

It is highly sensitive to New Physics contributions in 
mixing up to 𝒪(100%)

Time-dependent CP violation by the interference between 
direct decays and  mixing B0

s

B0
s

B̄0
s

J/ψK+K−

ϕdecay

−ϕdecay

ϕs = ϕmix−2ϕdecay

ϕmix

[RevModPhys.88.045002]

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.88.045002
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 in LHCbϕs

• Full Run 2 dataset used in the analysis                                            
 = −0.039 ± 0.022 ± 0.006 rad

• No evidence for CP asymmetry observed. 
• Most precise measurement but still statistically limited. 

ϕJ/ψKK
s

[Phys. Rev. Lett. 132 (2024) 051802]

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.051802
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 in CMSϕs

 Combination with results at 8 TeV [PLB757(2016)97]
                          

                                     = -0.074 ± 0.023 [rad] 
                                 

 The first evidence of CPV found in  mode with 3.2
 The most precise measurement of  in single measurement. 

ϕs
ΔΓ = 0.0780 ± 0.0045 ps−1

B0
s → J/ψK+K− σ

ΔΓs

 * Major improvement on the flavour tagging algorithm and the trigger strategies.

CMS-PAS-BPH-23-004

https://cds.cern.ch/record/2894821
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Comparison within LHC

cern seminar

https://indico.cern.ch/event/1355812/
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 measurementΔΓs
CP-even   to measure   
CP-odd  to measure 

Bs → J/ψη′ τL = 1/ΓL
Bs → J/ψπ+π− τH = 1/ΓH

 ps-1ΔΓs = 0.087 ± 0.012 ± 0.009

Ri = Ai .
NL

NH
Ai is the relative efficiency in each bin

Excellent agreement with LHCb  
= 0.0845 ± 0.0044 ± 0.0024 ps−1ΔΓs(J/ψϕ)

Important to measure in single measurements to 
resolve the tension within LHC. 

JHEP 05(2024)253

[Phys. Rev. Lett. 132 (2024) 051802]

https://link.springer.com/article/10.1007/JHEP05(2024)253
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.051802
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 with  decaysτH B0
s → J/ψK0

s
CPV conserved:   CP-odd (CP-even) mode to measure  ( ) 
Complementary channel of  as related through U-spin symmetry (sin(2  + )) 
2D maximum likelihood fit to decay time and invariant mass to extract the  from 

 decays.  

τH τL
B0 → J/ψK0

s β Δϕd
τH

B0
s → J/ψK0

s

τ(J/ψK0
s )eff = 1.59 ± 0.07 (stat) ± 0.03 (syst) ps

 candidates: 727 B0
s

Good agreement with the SM prediction 
of 1.62 ± 0.02 ps. 

Compatible within 2.1σ with LHCb 
measurement   ps. τ(J/ψK0

s )eff = 1.75(0.12)B0
s

B0

CMS-PAS-BPH-22-001 

https://cds.cern.ch/record/2893917/


Charm decays
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Direct CPV in  D0 → KsKs

- First! CMS CP measurement in charm sector 
- Uses  from the  decays to tag  from  charge.  

-  is measured relative to  reference channel to cancel the 
production and detection asymmetries,                                                                    

 

D0 D*± → D0π± D0s π
ACP D0 → Ksπ+π−

ΔACP = AS
CP − AR

CP

- 2D ML fit is to the  and  invariant mass to 
extract the yields.

-  
- Consistent with no CP violation 
- Consistent with LHCb ( 3.1 ± 1.2 ± 0.4 ± 0.2)% 
and Belle ( 0.02 ± 1.53 ± 0.02 ± 0.17)%

D*+ D0

ACP(KsKs) = [6.3 ± 3.0 ± 0.2 ± 0.8 (ACP(Ksπ+π−)] %

arXiv:2405.11606  submitted to Eur. Phys. J. C

https://arxiv.org/abs/2405.11606
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Mixing and CPV in D0 → K+π−

Tagging  from   decays via  chargeD0s D*± → D0π± π D0 K+π−

D̄0

(DCS)

(CF)Mix

D0 K−π+

D̄0

(CF)

(DCS)Mix

Wrong-sign

Right-sign
To measure the CPV fit time-dependent WS/RS ratios

since oscillating parameters of 1 x, y ≪

CP-violating parameters mixing parameters 

LHCb-PAPER-2024-008
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Mixing and CPV in D0 → K+π−

no evidence of CPV 

first evidence of 
quadratic behaviour 

LHCb-PAPER-2024-008

40% improvement in precision wrt 
the previous best Phys. Rev. D 97, 031101 (2018)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.031101
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Time dependent CPV in D0 → π+π−π0

ACP( fCP, t) ≡
ΓD0→fCP

(t) − ΓD0→fCP
(t)

ΓD0→fCP
(t) + ΓD0→fCP

(t)
≈ adir

fCP
+ΔYfCP

t
τD0

Time dependent asymmetry 

direct CPV mixing CPV

ΔY = (−1.3 ± 6.3 ± 2.4) × 10−4

No CPV is observed. 
~3.8M signal 

Excellent agreement with WA : 
(0.9 ± 1.1) × 10−4ΔYWA =

Phys. Rev. D 107, 052008 

arXiv:2405.06556

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.052008
https://arxiv.org/abs/2405.06556
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Summary 
-A long journey towards these precise measurements of CPV observables 
-Many achievements with the Run 1 + Run 2 data but still statistically 
limited! 
-Upgrade 1 & 2 offers much more in precision.



Extra slides
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 effective lifetimeB0
s → μ+μ−

•First!  measurement corresponding to 2015 + 2016 pp data 
(26.3 fb−1 )
•Background-subtracted decay time is fit with simulated templates
•  Data-MC  scan with several lifetime hypothesis   
   

τμμ

χ2

 ps τμμ = [0.99+0.42
−0.07(stat) ± 0.17(syst)]

consistent with SM prediction of  ps. τB0
s ,H = 1.624 ± 0.009

- see talk from Z.Wang   

JHEP09(2023)199

https://link.springer.com/article/10.1007/JHEP09(2023)199

