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Time-dependent CP violation in B mesons 
● Belle II detector at SuperKEKB and LHCb detector at LHC
● Experimental methods
● Time-dependent CP violation
● Flavor taggers in experiments
● Time-dependent CP violation results

○ sin2φ1 and sin2φ1
eff measurements

■ J/ψK0
S, η’K0

S, φK0
S, π0K0

S and K0
SK0

SK0
S analyses

○ φs, φs
ss̅s,Γs and φ3 analyses

● Systematic uncertainties limitations
● Perspective for future measurements
● Conclusion
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Nano-Beam scheme
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● Asymmetric e+e- collisions at the 
SuperKEKB accelerator complex 
in Japan

○ Recorded world’s highest 
instantaneous luminosity 
(4.7×1034 cm-2s-1)

○ Collected 362 fb-1 dataset 
at the Y(4S) in 2019-22, 
corresponding to 387M BB̅ 
pairs

Belle II detector at SuperKEKB

● Excellent vertex 
resolution

● Efficient neutrals 
reconstruction 
(π0, KS)

● K/π separation
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https://www.researchgate.net/figure/Overview-of-the-Belle-II-detector_fig1_328638236
https://confluence.desy.de/display/BI/Belle+II+Luminosity
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LHCb detector at LHC

● Single armed forward spectrometer
● Large sample of semileptonic decays
● All b-hadron species accessible
● Decay time resolution ~ 45 ps
● Δp/p = 0.5 - 1.0 %
● eff(kaonID) ~ 95 %
● eff(muonID) ~ 97 %
● Pion mis-ID fraction ~ 10 %
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https://cds.cern.ch/record/2770529/files/w1_LHCbDetector_3D.png
https://lbgroups.cern.ch/online/OperationsPlots/index.htm
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Experimental methods
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● To measure time-dependent asymmetry in B mesons we need to know:
○ Flavor of the other b quark
○ Proper decay time (difference)

● In Belle II, produced quantum entangled 
states allows measurement time difference 
between states

● In LHCb, oscillation in signal side and 
opposite oscillation is not guaranteed, time 
is measured in relation to production of BB̅ 
pairs 
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Time-dependent CP violation
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● The measurements of φ1 = β can be performed either at:
○ Tree dominated in cc̅s transition using J/ψK0 channel
○ Loop dominated in qq̅s transition using e.g. φK0 channel

● Six measurements done by Belle II
● One measurement done by LHCb

● Asymmetry is measured as:

where

Mixing-induced CP asymmetry:
Direct CP asymmetry:

CKMfitter

http://ckmfitter.in2p3.fr/www/html/ckm_results.html
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● Another measurements in B0
s meson sector (LHCb only):

○ For B0
s ⟶ V V (vectors), angular analysis of φs, φs

ss̅s:

○ Difference between decay widths of heavy and light mass eigenstates ΔΓs
○ Asymmetry measurement of φ3 = γ  angle

Time-dependent CP violation
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CKMfitter

http://ckmfitter.in2p3.fr/www/html/ckm_results.html
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Flavor taggers at LHCb
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● Inputs of taggers are charge of daughter and granddaughters and they 
are output to qη

● Tagging power of combined OS and SS taggers:
○ 2015+2016: εeff = 4.18 ± 0.15 %
○ 2017:           εeff = 4.22 ± 0.16 %
○ 2018:           εeff = 4.36 ± 0.16 %
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https://twiki.cern.ch/twiki/bin/view/LHCb/FlavourTaggingConferencePlots
https://link.springer.com/article/10.1140/epjc/s10052-019-7159-8
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Flavor taggers at Belle II
● Traditional algorithm (Category based Flavor Tagger): 

exploit single particle’s property (using e.g. charge of 
daughters, ...) outputted into qr 

○ Typical flavor-specific decay modes are called categories 
and they are combined for output

○ Interrelations of particles are not fully exploited
● Graph-Neutral-Network based Flavor Tagger (GFlaT)

○ Pairs of particles are used as input information for the 
GFlaT

○ Single particle’s information is used as well.
● Performance using Data:

○ εeff (Graph) = 37.39 ± 0.39 %
○ εeff (Category) = 31,68 ± 0.38 %

● GFlaT increase tagging efficiency about 18% 
compared to category based flavor tagger

● Using GFlaT we are able reduce statistical uncertainty 
in TDCPV analysis about 8%
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Results of sin(2φ1) at Belle II
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~ sin2φ1
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https://indico.desy.de/event/34916/contributions/146867/attachments/84073/111314/TDCPV_EPS_Tittel.pdf


Jakub Kandra, INFN Padova 

Result of sin(2φ1) at LHCb
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Results of sin(2φ1)
eff at Belle II
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Results of sin(2φ1)
eff at Belle II
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Results of φs, φs
ss̅s by LHCb

16As expected CP violation is very small in these channels
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https://indico.desy.de/event/34916/contributions/146866/attachments/84163/111432/TDCPVLHCb.pdf
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Results of ΔΓs, γ by LHCb
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Uncertainties and limitations for B0→J/ψK0
s
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LHCb Belle II
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https://indico.desy.de/event/34916/contributions/146866/attachments/84163/111432/TDCPVLHCb.pdf
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Future prospects
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We are here

We are here
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LHCb Belle II
EPS-HEP 2023 - Highlights LHCb

● Current status:
○ Belle II: ~ 428 fb-1 (~ 1% ∫Ltotal)
○ LHCb:   ~ 9 fb-1 (~ 3% ∫Ltotal)

● Next runs:
○ Belle II: ~ 5 ab-1   (~ 10% ∫Ltotal)
○ LHCb:   ~ 50 fb-1  (~ 16% ∫Ltotal)

https://indico.cern.ch/event/1166059/contributions/5305534/attachments/2657551/4603517/futureBelleII-JBaudot-fpcp23.pdf
https://indico.desy.de/event/34916/contributions/142216/attachments/84333/111705/23-08-23_manuelf_lhcb_EPS-HEP_Hamburg.pdf
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Future prospects - statistical uncertainty
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δsin(2φ1) using  B0→η’K0
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https://indico.desy.de/event/34916/contributions/146866/attachments/84163/111432/TDCPVLHCb.pdf
https://arxiv.org/abs/1808.10567
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Conclusions and outlook
● Time-dependent CP violation measurements in B meson decays were 

introduced
● Flavor taggers used in Belle II and LHCb experiments were explained
● Results for several time-dependent CP violation analyses have been 

shown:
○ sin(2φ1) measurements using J/ψK0

S
○ sin(2φ1)

eff measurements using η’K0
S, π0K0

S, φK0
S and K0

SK0
SK0

S
○ φs, φs

ss̅s,Γs and γ analyses
● Uncertainties of measurements with dominated factors were 

discussed
● In future, LHCb and Belle II will deliver more precise measurements:
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https://indico.desy.de/event/34916/contributions/146866/attachments/84163/111432/TDCPVLHCb.pdf
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Backup
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● Another measurements in B0
s meson sector (LHCb only):

○ Angular analysis of φs, φs
ss̅s,

○ Yield ratio ΔΓs

○ Asymmetry measurement of φ3 = γ  angle

Time-dependent CP violation
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CKMfitter

http://ckmfitter.in2p3.fr/www/html/ckm_results.html
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Results of sin(2φ1/2β)eff at Belle II

25

Due to polarization of 
photon sin(2φ1/2β)eff ∼ 0.
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Results of φs, φs
ss̅s by LHCb
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https://indico.desy.de/event/34916/contributions/146866/attachments/84163/111432/TDCPVLHCb.pdf
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Results of ΔΓs, γ by LHCb
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https://indico.cern.ch/event/1184945/contributions/5531354/attachments/2716814/4718987/CKM_qfuehring.pdf
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Systematic uncertainties B0→η’K0
s, B

0→φK0
s
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https://arxiv.org/abs/2307.02802
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Systematic uncertainties B0→K0
sπ

0γ
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Systematic uncertainties B0→K0
sπ

0, B0→K0
sK

0
sK

0
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https://arxiv.org/abs/2305.07555
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Systematic uncertainties Bs
0→J/ψK+K- 
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Systematic uncertainties Bs
0→φφ 
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Systematic uncertainties Bs
0→J/ψη’/ππ, γ
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