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CP violation? 

Disclaimer: many new and interesting results, only a few selected 
More details in parallel sessions and public page

https://lbfence.cern.ch/alcm/public/analysis
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  Matter and anti-matter asymmetry

๏ Large matter-antimatter imbalance in the Universe

๏ CP violation in SM ~ 10-17, not enough!

๏ Extra sources of CP violation necessitated

~ 6×10-10(nB − nB̄)/nγ

Rev. Mod. Phys. 88(2016)015004
arXiv: 1801.10059

https://arxiv.org/abs/1801.10059
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  CKM matrix

๏ Key test of the SM: Verify unitarity of CKM matrix
๏ Only source of CP violation in SM

VudV
⇤
ub + VcdV

⇤
cb + VtdV

⇤
tb = 0
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  Indirect search for New Physics
๏ Sensitivity to New Physics scale much higher than direct search: 1~ 104 GeV

246 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.

11

NP scale: Λ

๏ Statistics or precision essential for flavour physics

• NP scale, i.e. Dim = 6, proportional to 

๏ Would tell not only if there is NP but also which flavour it couples to

4 statisitics

Energy scale for SM:  ~100 GeVν
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 Types of CP Violation
๏ CP-violating nature of weak interaction has multiple manifestations
๏ Requires two interfering amplitudes with different strong and weak phases 

credit: Wenbin Qian
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 Types of CP Violation
๏ CP-violating nature of weak interaction has multiple manifestations
๏ Requires two interfering amplitudes with different strong and weak phases 

PRL124 (2020) 031801 
PRD101 (2020) 012006

We continue to discover new 
types of CP violation

credit: Wenbin Qian

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.031801
https://doi.org/10.1103/PhysRevD.101.012006
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  CKM angel γ

B�
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charm 
mixing

๏ Relative weak phase  in interference between  and  transition
๏ Measured with tree-level decays, theoretically clean observable ( )

γ b → cūs b → uc̄s
δγ/γ ∼ 10−7
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charm mixing

๏ Relative weak phase  in interference between  and  transition
๏ Measured with tree-level decays, theoretically clean observable ( )

γ b → cūs b → uc̄s
δγ/γ ∼ 10−7
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fDh�

<latexit sha1_base64="pKclFrItS6csoMdpoYjbbOqsBmI=">AAACAnicbVDLSgNBEJz1GeMr6tHLYBC8GHYloMegHjxGMA9I1jA76U2GzMwuM7PCsuTmD3jVP/AmXv0Rf8DvcJLswSQWNBRV3XR3BTFn2rjut7Oyura+sVnYKm7v7O7tlw4OmzpKFIUGjXik2gHRwJmEhmGGQztWQETAoRWMbiZ+6wmUZpF8MGkMviADyUJGibFSK+zd4uHjea9UdivuFHiZeDkpoxz1Xumn249oIkAayonWHc+NjZ8RZRjlMC52Ew0xoSMygI6lkgjQfjY9d4xPrdLHYaRsSYOn6t+JjAitUxHYTkHMUC96E/E/r5OY8MrPmIwTA5LOFoUJxybCk99xnymghqeWEKqYvRXTIVGEGpvQ3JYQUinicdEG4y3GsEyaFxWvWqneV8u16zyiAjpGJ+gMeegS1dAdqqMGomiEXtArenOenXfnw/mcta44+cwRmoPz9QuM/5dh</latexit>

charm 
mixing

charm mixing

ψ(3770)

D0

D̄0

inputs from 
BESIII & CLEO

๏ Relative weak phase  in interference between  and  transition
๏ Measured with tree-level decays, theoretically clean observable ( )

γ b → cūs b → uc̄s
δγ/γ ∼ 10−7
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  Latest  combinationγ
๏ 19 LHCb  decay measurements +  11  decay measurements + 27 external inputs 
๏ 29 physics parameters of interest + additional nuisance parameters

B D

LHCb-CONF-2024-004

γ = (64.6 ± 2.8)∘

• Surpass LHCb design: 

• Consistent with SM predictions 
4∘

(65.5+0.09
−2.65)

∘

https://cds.cern.ch/record/2905625/files/LHCb-CONF-2024-004.pdf
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   measurement in γ B+ → DK*+( → K0
Sπ+)

γ = (63 ± 13)∘

LHCb-PAPER-2024-023
arXiv: 2410.21115

• CP eigenstates   

• Suppressed decays 

• Self-conjugated multi-body decays 

D0 → hh, ππππ
D0 → Kπ, Kπππ

D0 → K0
Shh

 [PRD106.092004, PRD82(2010)112006, PRD102(2020)]
• Inputs for  from BESIIID0 → K0

Shh, ππππ

First observation of B+ → [D0]πK,πKππK*+
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   measurement in γ B0
s → D∓

s K±
LHCb-PAPER-2024-020

in preparation

• Time-dependent CP violation measurement
• Interference between mixing and decay   relative phase difference of → γ − 2βs

γ = (74 ± 11)∘
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  CKM angles  β(s)
๏ Tree dominated  transition offers access to the CKM angle 
๏ CP violation in the interference between mixing and decays

b → cc̄s β(s)

Phys. Rev. Lett. 132 (2024) 021801

  ∝ − Dtag ⋅ Dt ⋅ ηf ⋅ sin2β(s)⋅ sin(Δm(s)t)

β(s) = arg(−
VcqV*cb

VtqV*tb
)

Phys. Rev. Lett. 132 (2024) 051802

https://doi.org/10.1103/PhysRevLett.132.021801
https://doi.org/10.1103/PhysRevLett.132.051802
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  CKM angles  β(s)
๏ Tree dominated  transition offers access to the CKM angle 
๏ CP violation in the interference between mixing and decays

b → cc̄s β(s)

Phys. Rev. Lett. 132 (2024) 021801

World best measurements!

  ∝ − Dtag ⋅ Dt ⋅ ηf ⋅ sin2β(s)⋅ sin(Δm(s)t)

β(s) = arg(−
VcqV*cb

VtqV*tb
)

Phys. Rev. Lett. 132 (2024) 051802
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°0.50

°0.25
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1.00
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LHCb preliminary

B0!√(! ``)K0
S(! º+º°)

Fit

°
P

j wjdjDjP
j wjD2

j

sin 2β

SRun 2
ψK0

S
= 0.716 ± 0.013 ± 0.008  ϕcc̄s

s = − 0.031 ± 0.018 rad

B0 → ψK0
S B0

s → J/ψKK
ϕCKMFitter

s ≈ − 2βs

= (−0.0368+0.0006
−0.0009) rad

https://doi.org/10.1103/PhysRevLett.132.021801
https://doi.org/10.1103/PhysRevLett.132.051802
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 Direct CPV in B+ → J/ψπ+

๏ O(1%) direct CP violation expected in   [PRD 49 (1994) 5904, PRD 52 (1995) 242] 

๏ Important control channel to understand penguin effects in  measurement in 
B+ → J/ψπ+

sin 2β B0 → J/ψK0

LHCb-PAPER-2024-31  
in preparation

[PRD 79 (2009) 014030, JHEP 03 (2015) 145]

New

AT ∝ λ3 AP ∝ λ3
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 Direct CPV in B+ → J/ψπ+

๏ O(1%) direct CP violation expected in   [PRD 49 (1994) 5904, PRD 52 (1995) 242] 

๏ Important control channel to understand penguin effects in  measurement in 
B+ → J/ψπ+

sin 2β B0 → J/ψK0

LHCb-PAPER-2024-31  
in preparation

[PRD 79 (2009) 014030, JHEP 03 (2015) 145]

New

AT ∝ λ3 AP ∝ λ3

ℛπ/K ≡
B(B+ → J/ψπ+)
B(B+ → J/ψK+)

=
Nπ

NK
×

ϵK

ϵπ
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 Direct CPV in B+ → J/ψπ+ LHCb-PAPER-2024-31  
in preparation

First evidence for direct CP violation in beauty decays to charmonium final states (3.2 )σ

• Taking previous LHCb result of  to extract:ACP(B+ → J/ψK+)  [Phys. Rev. D 95, 052005 (2017)]

New

ΔACP = ACP(B+ → J/ψπ+) − ACP(B+ → J/ψK+)
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  Penguin constraint LHCb-PAPER-2024-31  
in preparation

• SU(3) flavour symmetry: 

• Constraints on the relative size (a) and strong phase difference ( ) between penguin and tree 
contributions

a = a′￼, θ = θ′￼

θ

New

See more details in Manshu Li’s talk (Thursday afternoon)

68% 
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 CP violation in baryonic decays?
๏ Baryons crucial for asymmetries in Universe, no CP violation in baryons observed yet
๏ CPV:  baryons ,  baryons , hyperon b 𝒪(1 − 10%) c 𝒪(0.1%) 𝒪(0.001 − 0.01%)

๏Puzzling situation: similar  production as , 
huge significance of CPV in , none in ?

Λ0
b B+

B+ Λ0
b
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  Charmless three-body  decaysb

๏ Complex CP violation pattern in multi-body  decays, as 
large as 80%

๏ Interesting to search for CP violation in 

B

Λ0
b → Λh+h′￼−

PRL124 (2020) 031801 
PRD101 (2020) 012006

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.031801
https://doi.org/10.1103/PhysRevD.101.012006
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  First observation of Λ0
b(Ξ

0
b) → Λπ+π−(K−)

๏ Systematic study of  with control mode to reduce systematic uncertaintyΛ0
b/Ξ0

b → Λh+h′￼−

New
CERN Seminar by W. Qian

LHCb-PAPER-2024-043 
in preparation

https://indico.cern.ch/event/1441582/
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  First observation of Λ0
b(Ξ

0
b) → Λπ+π−(K−)

๏ Systematic study of  with control mode to reduce systematic uncertaintyΛ0
b/Ξ0

b → Λh+h′￼−

New
CERN Seminar by W. Qian

LHCb-PAPER-2024-043 
in preparation

First observations of  &  and evidence for (4 )Ξ0
b → ΛK−π+ Λ0

b → Λπ+π− Ξ0
b → Λπ+π− σ

(119 ± 15)

(640 ± 40)

(56 ± 27)

https://indico.cern.ch/event/1441582/
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  Evidence of CP violation in baryonic decays
New

CERN Seminar by W. Qian
LHCb-PAPER-2024-043 

in preparation

Λ0
b → ΛK+K− Λ̄0

b → Λ̄K+K−

ΔACP = 0.083 ± 0.023 ± 0.016
First evidence for CP violation, 3.1σ

Preliminary

https://indico.cern.ch/event/1441582/
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9 fb−1

 yieldsΛ0
b → ΛK+K−

Preliminary
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  Evidence of CP violation in baryonic decays
New

CERN Seminar by W. Qian
LHCb-PAPER-2024-043 

in preparation

Λ0
b → ΛK+K− Λ̄0

b → Λ̄K+K−

ΔACP = 0.083 ± 0.023 ± 0.016
First evidence for CP violation, 3.1σ

Preliminary

https://indico.cern.ch/event/1441582/
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  Evidence of CP violation in baryonic decays

PRD107 (2023) 053009

CERN Seminar by W. Qian
LHCb-PAPER-2024-043 

in preparationNew

9 fb−1

 yieldsΛ0
b → ΛK+K−

Preliminary

https://doi.org/10.1103/PhysRevD.107.053009
https://indico.cern.ch/event/1441582/
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  Evidence of CP violation in baryonic decays

PRD107 (2023) 053009

CERN Seminar by W. Qian
LHCb-PAPER-2024-043 

in preparationNew

9 fb−1

 yieldsΛ0
b → ΛK+K−

Preliminary

Λ0
b → N*+K−

https://doi.org/10.1103/PhysRevD.107.053009
https://indico.cern.ch/event/1441582/
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  Evidence of CP violation in baryonic decays

PRD107 (2023) 053009

See more details in Chenxu Yu’s talk (Friday afternoon)

CERN Seminar by W. Qian
LHCb-PAPER-2024-043 

in preparationNew

9 fb−1

 yieldsΛ0
b → ΛK+K−

Preliminary
Λ0

b → Λϕ, Λf(1500)

Λ0
b → N*+K−

https://doi.org/10.1103/PhysRevD.107.053009
https://indico.cern.ch/event/1441582/
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  CP violation in Λ0
b → ph

๏ Sizeable CP violation found in 
๏ Golden channel in baryon decays, with predictions of CPV ranges from few percent to 30%

B0
(s) → h+h′￼−

New LHCb-PAPER-2024-048 
in preparation

•No clear asymmetry observed directly
ApK−

CP = (−1.14 ± 0.67 ± 0.36) %

Apπ−

CP = (−0.20 ± 0.83 ± 0.37) %
29K signals in total

19K signals in total

pπ−

pK− p̄K+

p̄π+

Preliminary2018 Mag. Down
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  CP violation in Λ0
b → ph

๏ Sizeable CP violation found in 
๏ Golden channel in baryon decays, with predictions of CPV ranges from few percent to 30%

B0
(s) → h+h′￼−

New LHCb-PAPER-2024-048 
in preparation

•No clear asymmetry observed directly
ApK−

CP = (−1.14 ± 0.67 ± 0.36) %

Apπ−

CP = (−0.20 ± 0.83 ± 0.37) %

Why CP violation so small?

•Small strong phase difference?
•Cancellation between S, P waves? arXiv:2409.02821

See more details in Xinchen Dai’s talk (Thursday afternoon)

29K signals in total

19K signals in total

pπ−

pK− p̄K+

p̄π+

Preliminary2018 Mag. Down

https://arxiv.org/abs/2409.02821
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  What’s more? Phys. Rev. 108 (1959) 1645

๏ Decay parameter, first proposed by Lee and Yang (1959) to study hyperon decays

๏ New CP observables
* : strong and weak phase difference 

between S and P waves
δ, ϕ
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  Decay parameters of Λ0
b → Λ+

c h−
arXiv:2409.02759

•First determination of  in  decays 
•Most precise determinations 
•Confirmation of  from BESIII
•Pave the way for other decay parameter measurements 

α Λ0
b → Λ+

c h− 𝒪(0.9%)
α, (β, γ)

α(Λ → pπ−)

See more details in Yuhao Wang’s talk (Friday afternoon)

Λ+
c → ΛK+
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https://arxiv.org/abs/2409.02759
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 Summary

23

Run 3 has collected more data than Run 
1+2, a lot more new results to come!

✓ LHCb dominates the world average of many measurements in CKM and CPV
✓ Various precise measurement of CP violation in beauty and charm decays using LHCb 

Run 1+2 data
✓ First evidence of CP violation in  and 
✓ Run 3 provides great opportunities for further test of the SM and search for new physics 

B+ → J/ψπ+ Λ0
b → ΛK+K−

https://lhcb-outreach.web.cern.ch/2024/10/18/end-of-successful-proton-proton-collision-data-taking-period/
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Thank you
24





Back up slides
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 LHCb detector
General purpose detector specialised in beauty and charm hadrons

LHCb performance:  
JINST 14 (2019) P04013

2 < η < 5
proton beam

26

https://iopscience.iop.org/article/10.1088/1748-0221/14/04/P04013
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 LHCb detector
General purpose detector specialised in beauty and charm hadrons

LHCb performance:  
JINST 14 (2019) P04013

2 < η < 5

• Daughters of b & c hadron decays: , flight distance L~1mmpT ∼ 𝒪(1 GeV/c)

proton beam

collision point

26

https://iopscience.iop.org/article/10.1088/1748-0221/14/04/P04013
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 LHCb detector

Excellent decay time 
resolution ~ 43 fs for B0

s
Precise vertex 
measurements, 

~ 35 µm σ(IPx)

Excellent momentum 
resolution ~ 0.5%

Excellent particle 
identification

misID 
ϵ(K) ≈ 95 %

p(π → K) ≈ 5 %
ϵ(μ) ≈ 97 %

General purpose detector specialised in beauty and charm hadrons

LHCb performance:  
JINST 14 (2019) P04013

2 < η < 5

• Daughters of b & c hadron decays: , flight distance L~1mmpT ∼ 𝒪(1 GeV/c)

proton beam

collision point

26

https://iopscience.iop.org/article/10.1088/1748-0221/14/04/P04013
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 Control of penguin contribution  
๏  comparable with the theoretical estimation of , 

better control of penguin effect necessary
๏ Combined analysis of penguin contributions in  and , using SU(3) flavour 

symmetry  

σ(ϕs) ∼ 0.016 Δϕpenguin
s ∼ 1∘ ≈ 0.017

ϕs ϕd (sin 2β)

J.Phys.G 48 (2021) 6, 065002 

27

https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%202010.14423&ui-citation-summary=true&ui-exclude-self-citations=true
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credit: Manshu Li
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  measurementsγ
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 Time-dependent CPV in B0 → D+D−
arXiv: 2409.03009

• LHCb combination:

New

[Belle PRD85 (2012) 091106][PRL117 (2016) 261801, BaBar PRD79 (2009) 032002]

• CP asymmetry observed in  for the first time 
with a significance exceeding 6

B0 → D+D−

σ

https://arxiv.org/pdf/2409.03009
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  CP violation in charm sector
• GIM mechanism very effective for charm decays, SM loops highly suppressed
•  Tiny weak phases in first two generations of CKM matrix
•  Oscillation and CPV ( ) 
•  Long distance contribution comparable/larger than short distance

≤ 10−3
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 Direct CP violation in D+ → K+K−π+
arXiv:2409.01414

๏ Search for localised CP violation in the phase space of  decay 
๏ Control channel  to subtract nuisance asymmetries

D+ → K+K−π+ (S)
D+

s → K+K−π+ (C)

New

https://arxiv.org/pdf/2409.01414
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 Direct CP violation in D+ → K+K−π+
arXiv:2409.01414

๏ Search for localised CP violation in the phase space of  decay 
๏ Control channel  to subtract nuisance asymmetries

D+ → K+K−π+ (S)
D+

s → K+K−π+ (C)

New

p-values (2.3-14.1%) compatible with no CPV

D+ → ϕπ+D+ → K̄*0K+

https://arxiv.org/pdf/2409.01414
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 Direct CP violation in D+ → K+K−π+
arXiv:2409.01414

•  Search for localised CP violation in the phase space of  decay 
•  Control channel  to subtract nuisance asymmetries

D+ → K+K−π+ (S)
D+

s → K+K−π+ (C)

D+ → K+K−π+ (S) D+
s → K+K−π+ (C)

New

•Test-statistic to extract a p-value for the 
hypothesis of no localised CP violation

https://arxiv.org/pdf/2409.01414
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 Direct CP violation in D+ → K+K−π+
arXiv:2409.01414

•  Search for localised CP violation in the phase space of  decay 
•  Control channel  to subtract nuisance asymmetries

D+ → K+K−π+ (S)
D+

s → K+K−π+ (C)

D+ → K+K−π+ (S) D+
s → K+K−π+ (C)

New

•Test-statistic to extract a p-value for the 
hypothesis of no localised CP violation

•p-values (2.3-14.1%) compatible with absence of 
localised CP violation in Dalitz plot

https://arxiv.org/pdf/2409.01414
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 Time-dependent CP violation in D0 → π+π−π0
Phys. Rev. Lett. 133 (2024) 101803

•First measurement of time-dependent CP violation in SCS mode

ΔY ≡ ηCPΔYfCP
= (−1.3 ± 6.3 ± 2.4) × 10−4

•No evidence for time-dependent CP violation, 
constant with world average

https://doi.org/10.1103/PhysRevLett.133.101803
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 Time-dependent CP violation in D0 → Kπ
LHCb-PAPER-2024-008

• Interference between mixing and decay for favoured RS and suppressed WS decays



 P. Li ∙ CLHCP2024 ∙ CPV at LHCb ∙ 2024-11-15 36

 Time-dependent CP violation in D0 → Kπ
arXiv:2407.18001

•  Measured with yields: RS ~400 M, WS ~1.6 M

https://arxiv.org/pdf/2407.18001

