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Disclaimer: results are selected based on personal taste



Why CP violation
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• SM model very successful; 
• Still an effective theory, many unexplained phenomena; 

• One standing-out quest: understanding matter and antimatter asymmetry in the Universe

• Extra sources of CP violation needed

• Higgs sector?

• Neutrino sector?   PMNS matrix
• Quark sector? 
• Other places?  

UCAS Wenbin Qian

≪ 𝟏𝟎!𝟏𝟕 predicted by CKM mechanism

All requires New physics



Precision measurements
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• Precision essential to find the footprint of NP246 GeV. According to such an assumption of heavy NP, the amplitudes describing a flavour changing
transition of a fermion  i to a fermion  j can be cast into the following general form

A( i !  j + X) = A0

✓
cSM

v2
+

cNP

⇤
2

◆
. (1)

Since in many cases cSM ⌧ 1, NP effects can have a large impact even if ⇤ � v. For instance, in the
quark sector the reason that often cSM ⌧ 1 stems from the facts that:

(i) cSM can be proportional to small entries of the Cabibbo-Kobayashi-Maskawa (CKM) matrix and/or
to small SM Yukawa couplings;

(ii) cSM may include a loop factor 1/(16⇡2
), if the corresponding transition is forbidden at tree level,

as is the case for flavour-changing neutral-current (FCNC) transitions or meson-antimeson mixing
transitions.

As a result, these low-energy processes can probe indirectly, via quantum effects, scales of order v/
p

cSM.
These can easily exceed those directly reachable via production of on-shell states in current and planned
accelerators. As an explicit example, in the case of B – B̄ mixing, p

cSM ⇠ |Vtd|/(4⇡) ⇠ 10
�3, hence

this observable can probe NP scales up to 10
3 TeV in models with cNP ⇠ 1.

The precise values of the NP scale probed at present vary over a wide range, depending on the
specific observable and the specific NP model (cNP can span a large range, too). However, the form of
Eq. (1) does allow us to predict how the bounds will improve with increasing datasets. For the observ-
ables that are SM dominated, are already observed, and whose uncertainties are dominated by statistics,
the corresponding bound on ⇤ scales as N1/4, where N is the relative increase in the number of events.
The same scaling occurs for forbidden or highly suppressed SM processes, i.e., in the limit cSM ⌧ cNP,
if the search is not background dominated. Thus, with two orders of magnitude increase in statistics
one can probe scales roughly 3 times higher than at present. This is well above the increase in NP scale
probed in on-shell heavy particle searches at high-pT that can be achieved at fixed collider energy by a
similar increase in statistics.

While theoretical uncertainties are often important, there are enough measurements which are
known not to be limited by theoretical uncertainties. Improved experimental results will therefore di-
rectly translate to better NP sensitivity. There are also several cases of observables sensitive to NP where
the theoretical uncertainties are mainly of parametric nature (e.g., our ability to precisely compute cSM

is dominated by the knowledge of CKM elements, quark masses, etc.). For such cases, we can expect
significant increase in precision with higher statistics thanks to the improvement in the reduction of para-
metric uncertainties. This also highlights the importance of a broad flavour physics programme where
the focus is not only on rare or CP violating processes “most likely” affected by NP but also on core SM
measurements which help to reduce the theoretical uncertainties.

1.1.3 Current anomalies and historical comments
Due to the generic sensitivity to high scales, flavour physics has historically played a major role in
developing and understanding the Standard Model. Flavour physics measurements signalled the presence
of “new” particles well before these were directly observed (this was the case for charm and top quarks
from KL ! µ+µ� decays and K-meson mixing, and from B-meson mixing, respectively). With the
completion of the SM, and the increasingly precise tests that the SM predictions have successfully passed,
one may draw the naive conclusion that the discovery potential of precision experiments has declined in
the last decades. However, the opposite is true. First of all, a qualitative change in our understanding
has been achieved during that time. Before the asymmetric B factory experiments, BaBar and Belle, it
was not known whether the SM accounted for the dominant or just a small part of CP violation observed
in kaon mixing. We now know that the bulk of it is due to the SM Kobayashi-Maskawa mechanism.
However, even after decades of progress, for most FCNC amplitudes the NP is still allowed to contribute
at ⇠ 20% of the SM contribution.
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Energy scale for SM: 𝑣 ~100 GeV

NP scale: Λ

• Unitarity test:  precision driven! 

Is current precision enough? No

𝑉$%𝑉$%∗ + 𝑉$'𝑉$'∗ + 𝑉$(𝑉$(∗ − 1

= [0.00012,−0.00295] 3𝜎

10!)

Cabbibo anomaly? From A. Buras

Disaster for new physics searches 
if CKM elements not precise

• Precise measurements in NP sensitive decays



The LHCb detector (Run 1+2)
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Designed for CP violation and heavy flavor studies

2008 JINST 3 S08005

https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta


The LHCb status
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• Run 1: 
• 2011 (7 TeV): 1 fb-1 

• 2012 (8 TeV): 2 fb-1

• Run 2:

• 2015-2018 (13 TeV): 6 fb-1

• Run 3:
• 2024 alone (13.6 TeV): 9.56 fb-1

• 2025 (13.6 TeV): 11.81 fb-1

• 2026 (13.6 TeV): >3.62 fb-1

• A new LHCb detector for Run 3 operates at ×𝟓 higher instantaneous luminosity
• Similar performance, while efficiency for hadron final states increased by a factor of 2
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CKM angle 𝛄
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• Measured through tree-level dominated 𝒃 → 𝒄 and 𝒃 → 𝒖	processes

• Negligible theoretical uncertainty [JHEP 01(2014) 051]

• Less affected by NP entering trough quantum fluctuation ➡ SM candle

• NP search by comparing between direct and indirect measurements

• Currently, single best measurements from 𝑩± → 𝑲𝑺𝟎𝒉(𝒉) 𝑫𝒉
+± decays

𝛾!"#. = 66.16%&.'()(.*+ ∘ 𝛾#!-. = 62.8 ± 2.6 ∘
[CKMfitter 2025] [LHCb-CONF-2025-003]

𝛾../0 = 68.7%1.2)1.' ∘

Statistical uncertainty dominated
Sensitivity loss due to binned approach 

A novel approach developed using 
unbinned MI method

[LHCb-PAPER-2020-019]



Joint measurement between LHCb and BESIII
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𝐴 𝐷 :𝐷* → 𝑓

𝐴̅ 𝐷 : 9𝐷* → 𝑓

𝑟3𝑒456! =
𝐴3
𝐴̅3

𝜓 3770

𝐷((𝑝⃗)

𝐷((−𝑝⃗)

QC data

𝛄 measurements

UCAS Wenbin Qian

𝒃 → 𝒖:

𝒃 → 𝒄:

First joint analyses between LHCb and 
BESIII collaborations



Logic of the new method (1)
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Density difference indicates CP violation

Traditional 
method: 
binning

Novel approach: fourier transformation
[EPJC78 (2018) 2, 121]

~10% loss of 
sensitivity



Logic of the new method (2)
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Density difference indicates CP violation

Novel approach: fourier transformation
[EPJC78 (2018) 2, 121]

Only considering phase information

A further weight 
added to take 
into account 

amplitude, purity, 
efficiency 

information



Weights and BESIII inputs
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• Why weights works?  Equation holds when multiplying both sides by the same constant

• BESIII QC data: 𝝍 𝟑𝟕𝟕𝟎 → 𝑫1𝑫

• Example: CP tagged 𝑲𝑺𝟎𝒉(𝒉)



CP observables and results
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• Observables from B decays, indicating CP violation effects

• Results on 𝜸 and strong parameters
Improved about 5% compared to the 

binned method

Most precise single measurement to 
date on 𝜸

Opens new possibilities for 𝛄 measurements in other multibody decays
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CERN LHC seminar by Youhua Yang



CP violation in 𝑩& → 𝑲&𝝅'𝝅' decays
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• Around 40 × data than B-factories using only Run 1 data

• Advanced techniques in amplitude analyses:

• Three ways to model S-wave: Isobar, K-Matrix, and MI approach (first MI implementation of 𝑲𝝅

and 𝝅𝝅 S-wave together)

• Using GLASS to model 𝑲𝝅 S-wave

• Include also 𝝅𝝅 → 𝝅𝝅 (significant contributions found) and 𝑲𝑲 → 𝝅𝝅 rescattering contributions 

from dispersive relationship



A glance of results (1)
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𝑲𝝅 𝝅𝝅

Projections

Asymmetry



A glance of results (2)
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𝑲𝝅 𝝅𝝅

Projections

Asymmetry



Amplitude and phase of S-wave
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𝑲𝝅

𝝅𝝅

PhaseAmplitude



CP violation in 𝑩& → 𝝆 𝟕𝟕𝟎 𝑲&(1)
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• Measured by BaBar [PRD78 (2008) 012004] and Belle [PRL96 (2006) 251803] using amplitude analysis

0.44 ± 0.10%(.27)(.(8 (BaBar) 0.30 ± 0.11%(.(7)(.22 (Belle)

• However, a model-independent determination of CP violation in 𝝅+𝝅! 

P-wave around 𝝆 𝟕𝟕𝟎  by LHCb sees a much smaller CP violation

0.150 ± 0.022
• Our results from amplitude analysis:

Parameter Isobar K-matrix QMI

𝐴,-(𝜌 770 *) 0.280 ± 0.022 ± 0.029 0.271 ± 0.022 ± 0.014 0.359 ± 0.037 ± 0.048

𝐴,-(𝜔 782 *) 0.011 ± 0.158 ± 0.064 −0.023 ± 0.131 ± 0.063 −0.004 ± 0.139 ± 0.015

• Consistent with BaBar and Belle, higher than model-independent which contains dilution from 𝝎 𝟕𝟖𝟐  

with CP violation consistent with zero



CP violation in 𝑩& → 𝝆 𝟕𝟕𝟎 𝑲&(2)
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• CP violation in 𝝆 𝟕𝟕𝟎  region clearly visible

• Predictions from theory:

QCDF pQCD SCET FS

31.7% [NPB675 (2003) 333]

45.4%[PRD80 (2009) 114008]

71% [PRD74 (2006) 094020] 16%[PRD78 (2008) 034011] 30.6%[PRD91 (2015) 014011]



CP violation in 𝑩& → 𝝎 𝟕𝟖𝟐 𝑲&
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• Quite some predictions gave very large CP violation

Parameter Isobar K-matrix QMI

A./(ω 782 *) 0.011 ± 0.158 ± 0.064 −0.023 ± 0.131 ± 0.063 −0.004 ± 0.139 ± 0.015

• Our measured results, consistent with zero, but with large uncertainties

QCDF pQCD SCET FS

19.3% [NPB675 (2003) 333]

22.1%[PRD80 (2009) 114008]

32% [PRD74 (2006) 094020] 12.3%[PRD78 (2008) 034011] 1.0%[PRD91 (2015) 014011]

Parameter (Isobar) Fit fraction (%) 𝐴!" 𝛿#(°) 𝛿$(°)

𝜔(782) 0.202 ± 0.030 0.011 ± 0.158 104.3 ± 7.2 82.4 ± 6.5

𝜌 770 − 𝜔(782) 0.175 ± 0.026 0.005 ± 0.129 2.1 ± 7.5 −20.0 ± 6.1

• Modeling of 𝝎(𝟕𝟖𝟐) decay

• 𝝎 𝟕𝟖𝟐 → 𝝅+𝝅! directly: RBW

• 𝝎 𝟕𝟖𝟐 → 𝝆 𝟕𝟕𝟎 → 𝝅+𝝅!: 

GS×RBW

• Little difference on NLL



CP violation through interference between different waves
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• Legendre polynomial weighted CP violation

• CP violation in interference between S-P waves (discovery) and S-D waves (evidence)  

S-P waves 

P wave + D wave + possible S-D 
wave interference  

cos(𝜃9 − 𝜃:)

Almost flat vs 𝒎(𝝅)𝝅%)

Phase shift of 𝝅 around 𝝆(𝟕𝟕𝟎) pole



More CP violation results
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• Very large CP violation found in S-wave low 𝒎(𝝅+𝝅!) mass 

(𝝅𝝅 rescattering region)

• Direct 𝑨𝑪𝑷 not exceeding 5𝝈 for 𝒇𝟐(𝟏𝟐𝟕𝟎), however 

amplitude analysis offer more information 

• CP established with more than 8.2𝝈 with phase information

• Evidence of CP violation in spin-3 final state also seen

Parameter Isobar K-matrix QMI

𝐴%&' (𝑚(!(" < 𝑚)() 0.657 ± 0.033 ± 0.059	(9.7σ) 0.638 ± 0.008 ± 0.016	(35.5σ) 0.754 ± 0.115 ± 0.113	(4.7σ)

𝐴%&(𝑓*(1270)) −0.354 ± 0.047 ± 0.076	(4.1σ) −0.402 ± 0.051 ± 0.041	(6.1σ) −0.279 ± 0.067 ± 0.115	(2.1σ)

𝐴%&(𝜌+(1690)) 0.603 ± 0.090 ± 0.121	(4.2σ) 0.477 ± 0.100 ± 0.096	(3.4σ) 0.698 ± 0.135 ± 0.163	(3.3σ)

𝐴 = ∑𝑐4𝐹4 , 	 𝐴̅ = ∑H𝑐4𝐹4
𝑐3 = 𝑥3 + Δ𝑥3 + 𝑖(𝑦3 + Δ𝑦3) 9𝑐3 = 𝑥3 − Δ𝑥3 + 𝑖(𝑦3 − Δ𝑦3)



Branching fraction of 𝑩& → 𝑲𝟎∗ 𝟏𝟒𝟑𝟎 𝝅&
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• Different predictions from pQCD[EPJC50 (2007) 877] and 

QCDf[PRD87 (2013) 114001]

• Two solutions from Belle measurements, one agree with 

pQCD, other with QCDf; the one with larger branching 

fraction presented in later Belle paper

• BaBar also favors larger branching fraction (pQCD)

• Predictions with QCDf agree better with 𝑩 →

𝑲𝟎
∗ 𝟏𝟒𝟑𝟎 [𝜼 5 , 𝝆, 𝝎,𝝓]

Our results favors QCDf!

Two improvements:

• Larger datasets: same model as Belle also favor QCDf

• Model improvements: GLASS instead of LASS
LASS: 𝒂𝑬𝑹 = 𝟏,𝝓𝐧𝐨𝐧𝐫𝐞𝐬 = 𝟎

𝝓𝑬𝑹 = 𝟎



Separation between SVP and 𝑲∗(𝟖𝟗𝟐)
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LASS: 𝒂𝑬𝑹 = 𝟏,𝝓𝐧𝐨𝐧𝐫𝐞𝐬 = 𝟎
𝝓𝑬𝑹 = 𝟎𝑲∗(𝟖𝟗𝟐) separated following (as close as RBW):



Extra benefit: 𝒇𝑿(𝟏𝟑𝟎𝟎)
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• With LASS parameterization, BaBar and Belle also need a scalar 𝒇𝑿(𝟏𝟑𝟎𝟎)

• In Belle study[PRD71 (2005) 092003]，different spin-parity tried, 𝟏!	gives best NLL while 𝟎+ consistent with 𝒇𝟎(𝟏𝟑𝟕𝟎)

J/ Mass (MeV) Width (MeV) NLL

0+(solution1, L) 1369 ± 26 185 ± 52 -4041.8

0+(solution2, S) 1400 ± 28 165 ± 48 -4024.4

1! 1330 ± 19 210 ± 48 -4048.1

2+ 1337 ± 38 85± 31 -4013.0

• In BaBar study[PRD78 (2008) 012004]， 𝟎+ gives a mass consistent with 𝒇𝟎(𝟏𝟓𝟎𝟎) with 𝒎 = 𝟏𝟒𝟕𝟗 ± 𝟖 MeV and 

𝚪 = 𝟖𝟎 ± 𝟏𝟗 MeV, while 𝟏!	 also fits well with mass consistent with 𝝆(𝟏𝟒𝟓𝟎)

• Fit fraction of 𝒇𝑿(𝟏𝟑𝟎𝟎) in Belle varies from 3.7% to 6.7%, while in BaBar, it is around 1.3%

• Theoretical interpretations: known scalar 𝒇𝟎(𝟏𝟑𝟕𝟎) or 𝒇𝟎(𝟏𝟓𝟎𝟎); Artefact from glueball; unknown 

scalar etc. 



Our results on 𝒇𝑿(𝟏𝟑𝟎𝟎)
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• Our results when using LASS model, also need 𝒇𝑿(𝟏𝟑𝟎𝟎) with 𝒎 = 𝟏𝟒𝟓𝟒 ± 𝟐 MeV and 𝚪 = 𝟏𝟐𝟎 ± 𝟓 MeV 

Model Δ(−2NLL)

LASS + 𝑓>(1300) (free mass + width) 1521

LASS + 𝑓* 1370 + 𝑓*(1500) (fixed mass + width) 1598

• Our results when using GLASS

• No need to include 𝒇𝑿(𝟏𝟑𝟎𝟎)

• Δ(−2NLL) more than 1500 better

• FF 𝒇𝟎 𝟏𝟑𝟕𝟎 = 𝟏𝟔. 𝟖 ± 𝟏. 𝟎 ± 𝟎. 𝟖 %

• FF 𝒇𝟎 𝟏𝟓𝟎𝟎 = 𝟏. 𝟗 ± 𝟎. 𝟐 ± 𝟎. 𝟑 %

BETTER



New decays and improved branching fractions
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• Quite some new decays found; 

• Almost all the branching fractions are improved 
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Prospects on flavor physics programs
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2015-2018

Run2 LS2 LS3Run3 Run4 Run5-6LS4

2019-2022 2022-2026 2027-2029 2030-2033 2034-2035 2036-future

24+ fb-1 50 fb-1 300 fb-1

Phase I
Upgrade

Phase II
Upgrade

Phase Ib
Upgrade

Run 1

0.4 ab-1 50 ab-1

LHCb

Belle II

LS1 Run 2

2019-2022 2024-2032

LS2

10 ab-1

Run 3

HL-LHC
CMS/ATLAS 200 fb-1

3000 fb-1

BESIII/super 𝛕-charm/CEPC BEPCII upgrade + running of super 𝛕-charm/CEPC

upgrade

250 ab-1

UCAS, Wenbin Qian

1 ab-1



Future of flavor physics
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1995 2023 2040?

UCAS, Wenbin Qian

New physics may 
probably arrive soon!



Thank you for your attention!
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CP violation in SM
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• Complex phases in CKM matrix and PMNS matrix
• CKM matrix：unitary matrix connecting interaction and mass eigenstates

Interaction eigenstates Mass eigenstates

• Matrix pattern very different？ Why？

• Jarlskog invariant:

• Related to mass hierarchy? Relation between Yukawa and CKM?

𝐉𝐞𝐱𝐩~ 3x10-5 < J>?@ = 1/6 3~0.1 

𝑑
𝑠

𝑏

𝑢
𝑐

𝑡



A new LHCb detector
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New 
pixel 
Velo

New UT New 
SciFi

Removed M1 
and new 
readout

New RICH optics and PMS
Removed PS/SPD and 

new readout

Similar PID 
performance

Twice trigger efficiencies (hadronic)

• With our new LHCb detector, already collected more data than Run1+2

• More importantly, full software trigger ➜ better performance on hadronic final states



Next LHCb detector from 2030
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