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• Introduction

• New CP violation measurements from 𝜦𝒃
𝟎 → 𝜦𝒉+𝒉′− decays

• New CP violation measurements from 𝜦𝒃
𝟎 → 𝒑𝒉− decays

• Prospects and conclusion
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Matter and antimatter asymmetry
Primordial abundance

𝜂 =
𝑛𝐵
𝑛𝛾

~10−10

• “Visible” world dominated by matter

• Big-Bang Nucleosynthesis and Cosmic Microwave Background all

indicate large matter-antimatter asymmetry in Universe:

• No yet fully understood:

After inflation

Matter = Antimatter

Today

Matter dominated

PLB667 (2008) 1

𝒕

http://pdg.lbl.gov/index.html
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EW Baryogenesis

• Sakharov conditions: CP violation need

• In SM, offered by CKM matrix

𝑛𝐵 − 𝑛 ത𝐵

𝑛𝛾
~
𝑛𝐵
𝑛𝛾

~
𝐽 × 𝑃𝑢 × 𝑃𝑑

𝑀12

PRL 55 (1985) 1039
CKMfitter

𝑃𝑢 = (𝑚𝑡
2 −𝑚𝑐

2)(𝑚𝑡
2 −𝑚𝑢

2)(𝑚𝑐
2 −𝑚𝑢

2)

𝑃𝑑 = (𝑚𝑏
2 −𝑚𝑠

2)(𝑚𝑏
2 −𝑚𝑑

2)(𝑚𝑠
2 −𝑚𝑑

2)

𝐽~ 3 × 10−5 𝟏𝟎−𝟏𝟕 ≪ 𝟏𝟎−𝟏𝟎

Far smaller than observed

matter antimatter asymmetry

in Universe

Need new mechanism

EW Scale:

𝐌~𝟏𝟎𝟎 𝐆𝐞𝐕

Jarlskog invariant:

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.55.1039
http://ckmfitter.in2p3.fr/
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2 −𝑚𝑠
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2)(𝑚𝑠
2 −𝑚𝑑

2)

𝐽~ 3 × 10−5 𝟏𝟎−𝟏𝟕 ≪ 𝟏𝟎−𝟏𝟎

EW Scale:

𝐌~𝟏𝟎𝟎 𝐆𝐞𝐕

Jarlskog invariant:

Very rich CP violation

phenomena

Do we understand all?

Far smaller than observed

matter antimatter asymmetry

in Universe

Need new mechanism

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.55.1039
http://ckmfitter.in2p3.fr/


CP violation types
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PRL124 (2020) 031801
PRD101 (2020) 012006

We continue to discover new

types of CP violation

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


CP violation in baryon decays not yet discovered
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1964

CP violation

(in mixing)

in neutral
Kaon decays

1999

Direct CP

violation in

neutral Kaon
decays

2001

CP violation

in mixing

and decay in

𝑩𝟎 decays

2019

Direct CP

violation in

𝑫𝟎 decays

2012

Direct CP

violation in
𝑩+ decays

2013

Direct CP

violation in

𝑩𝒔
𝟎 decays

2004

Direct CP

violation in

𝑩𝟎 decays

????

Direct CP

violation

in baryon 
decays

• 60 years after discovery of CP violation, strikingly, not yet

found in baryon decays

• Will it be SM or not, we don’t know

• Discover it not only rich our understanding, but also

provide new mechanism for generating matter antimatter

asymmetry

2018

CP violation

in mixing

and decay in

𝑩𝒔
𝟎 decays



B-mesogenesis
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Γ(𝐵 𝑠
0 → ത𝐵 𝑠

0 )

Γ( ത𝐵 𝑠
0 → 𝐵(𝑠)

0 )

≠

PRD104 (2021) 035028

Operates at very low 
temperatures

CP violation in 

baryon decays, 

new possibilities? 

• SM CP violation phenomenon may also lead to baryogenesis

Br 𝐵 → baryon + dark matter
> 10−4

Br(
)

b baryon
→ meson + dark matter > 10−4

Generate matter antimatter asymmetry

https://doi.org/10.1103/PhysRevD.104.035028


Methods to search for CP violation
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Decay parameters asymmetry

JHEP04(2014)087

PRD108(2023)L011101

PRL133 (2024) 101902

Nature Phys.13(2017)391

𝑱/𝝍 → Ξ0 തΞ0, Ξ0 → Λ𝜋0 • Important to investigate phase space dependence

(amplitude analysis, binned method, energy test etc.)

• CPV: b baryon 𝓞(𝟏%− 𝟏𝟎%), c baryon 𝓞(𝟎. 𝟏%),

hyperon 𝓞(𝟎. 𝟎𝟎𝟏%− 𝟎. 𝟎𝟏%)

• LHCb: massive production of b baryons!

Direct CP violation (∝ 𝐬𝐢𝐧 𝚫𝜹𝑺𝑻 𝐬𝐢𝐧(𝚫𝝓𝑬𝑾))

𝜦𝒃
𝟎 → 𝒑𝑲𝑺

𝟎𝝅−

Triple-product asymmetry (∝ 𝐜𝐨𝐬 𝚫𝜹𝑺𝑻 𝐬𝐢𝐧(𝚫𝝓𝑬𝑾))

𝜦𝒃
𝟎 → 𝒑𝝅+𝝅−𝝅+

• Many methods have been explored to search for CP violation in baryon decays

UCAS, Wenbin Qian

https://doi.org/10.1007/JHEP04(2014)087
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L011101
https://doi.org/10.1103/PhysRevLett.133.101902
https://doi.org/10.1038/nphys4021


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


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

• 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



What we have from LHCb?
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Decays Data Methods Reference

𝚲𝒃
𝟎 → 𝒑𝒉− 3 fb-1 𝑨𝑪𝑷 PLB787 (2018) 124

𝚲𝒃
𝟎 → 𝒑𝑲𝑺

𝟎𝝅− 1 fb-1 𝑨𝑪𝑷 JHEP04 (2014) 087

𝚲𝒃
𝟎 → 𝚲𝑲+𝝅−, 𝚲𝑲+𝑲− 3 fb-1 𝑨𝑪𝑷 JHEP05 (2016) 081

𝚵𝒃
𝟎 → 𝒑𝑲−𝑲− 5 fb-1 Amplitude analysis PRD104 (2021) 052010

𝚲𝒃
𝟎 → 𝑱/𝝍𝒑𝝅−, 𝑱/𝝍𝒑𝑲− 3 fb-1 𝑨𝑪𝑷 JHEP07 (2014) 103

𝚲𝒃
𝟎 → 𝑫𝒑𝑲−, ADS 9 fb-1 𝑨𝑪𝑷 PRD104 (2021) 112008

𝚲𝒃
𝟎 , 𝚵𝒃

𝟎 → 𝒑𝟑𝒉 3 fb-1 𝑨𝑪𝑷 EPJC79 (2019) 745

𝚲𝒃
𝟎 , 𝚵𝒃

𝟎 → 𝒑𝟑𝒉 3 fb-1 TPA Nature Phys. 13 (2017) 391

JHEP08 (2018) 039

𝚲𝒃
𝟎 → 𝒑𝟑𝝅 6.6 fb-1 TPA, energy test PRD102 (2020) 051101

Many attempts from LHCb already, we continue to explore the fundamental question

UPDATED!

https://doi.org/10.1016/j.physletb.2018.10.039
https://doi.org/10.1007/JHEP04(2014)087
https://doi.org/10.1007/JHEP05(2016)081
https://doi.org/10.1103/PhysRevD.104.052010
https://doi.org/10.1007/JHEP07(2014)103
https://doi.org/10.1103/PhysRevD.104.112008
https://doi.org/10.1140/epjc/s10052-019-7218-1
https://doi.org/10.1038/nphys4021
https://doi.org/10.1007/JHEP08(2018)039
https://doi.org/10.1103/PhysRevD.102.051101
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Studies of 𝜦𝒃
𝟎 𝜩𝒃

𝟎 → 𝜦𝒉+𝒉′− decays

Branching fraction and 𝑨𝑪𝑷 measurments

𝒖

𝒅

𝒃𝜦𝒃
𝟎

𝒖

𝒔

𝒃𝚵𝒃
𝟎 𝐉𝐏 =

𝟏

𝟐

+



Charmless three-body b decays
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+

PA

E

• Charmless b decays, ideal to search for CP violation

• Multi-body b decays, complex CP violation pattern

seen previously

• CP violation as large as 80%

• Interesting to search in 𝜦𝒃
𝟎 → 𝜦𝒉+𝒉′− decays and look

into phase space

𝑩+ → 𝝅+𝝅−𝝅+

Similar level of amplitudes from

penguin and tree diagrams and

different weak phases

Can generate large CP violation

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


Branching fraction measurements
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𝓑(𝚲𝒃
𝟎/𝜩𝒃

𝟎→𝚲𝒉+𝒉′−)

𝓑(𝚲𝒃
𝟎→𝚲𝒄

+ →𝚲𝝅+ 𝝅−)
=

𝑵
𝚲𝒃
𝟎/𝜩𝒃

𝟎→𝚲𝒉+𝒉′−

𝑵
𝜦𝒃
𝟎→𝜦𝒄

+ →𝚲𝝅+ 𝝅−
×

𝝐
𝜦𝒃
𝟎→𝜦𝒄

+ →𝚲𝝅+ 𝝅−

𝝐
𝜦𝒃
𝟎→𝚲𝒉+𝒉′−

×
𝒇
𝜦𝒃
𝟎/𝚵𝐛

𝟎

𝒇
𝜦𝒃
𝟎

• Branching fraction (in addition to 𝑨𝑪𝑷) offers important information to the

internal dynamics

• In LHCb, we measure w.r.t. control channels (relative branching fraction)

• Control channel 𝚲𝒃
𝟎 → 𝚲𝒄

+(→ 𝚲𝝅+)𝝅− used to reduce systematic uncertainties

in both branching fraction and 𝑨𝑪𝑷 measurements

LHCb-PAPER-2024-043



Yields extraction
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𝓑(𝚲𝒃
𝟎/𝜩𝒃

𝟎→𝚲𝒉+𝒉′−)

𝓑(𝚲𝒃
𝟎→𝚲𝒄

+ →𝚲𝝅+ 𝝅−)
=

𝑵
𝚲𝒃
𝟎/𝜩𝒃

𝟎→𝚲𝒉+𝒉′−

𝑵
𝜦𝒃
𝟎→𝜦𝒄

+ →𝚲𝝅+ 𝝅−
×

𝝐
𝜦𝒃
𝟎→𝜦𝒄

+ →𝚲𝝅+ 𝝅−

𝝐
𝜦𝒃
𝟎→𝚲𝒉+𝒉′−

×
𝒇
𝜦𝒃
𝟎/𝚵𝐛

𝟎

𝒇
𝜦𝒃
𝟎

• Yields extracted from invariant mass fit:

• Signal: two Crystal Ball function, tail

parameters from simulation

• Combinatorial background: exponential

function

• Partially reconstructed background: threshold

function convolved with resolution

• Cross-feed background: shape fixed from

simulation

LHCb-PAPER-2024-043

Control channel yield: ~𝟓𝟐𝟎𝟎

Preliminary



Efficiency and fragmentation fraction
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𝓑(𝚲𝒃
𝟎/𝜩𝒃

𝟎→𝚲𝒉+𝒉′−)

𝓑(𝚲𝒃
𝟎→𝚲𝒄

+ →𝚲𝝅+ 𝝅−)
=

𝑵
𝚲𝒃
𝟎/𝜩𝒃

𝟎→𝚲𝒉+𝒉′−

𝑵
𝜦𝒃
𝟎→𝜦𝒄

+ →𝚲𝝅+ 𝝅−
×

𝝐
𝜦𝒃
𝟎→𝜦𝒄

+ →𝚲𝝅+ 𝝅−

𝝐
𝜦𝒃
𝟎→𝚲𝒉+𝒉′−

×
𝒇
𝜦𝒃
𝟎/𝚵𝐛

𝟎

𝒇
𝜦𝒃
𝟎

• Efficiencies determined from simulation with corrections using data-driven

methods

• Particle ID, trigger, tracking : using control channels from 𝑫∗+ → 𝑫𝟎 → 𝑲−𝝅+ 𝝅+

etc.

• Dalitz plot corrections: difference on Dalitz plot distribution between data and

simulation

• Fragmentation fraction

𝒇
𝜩𝒃
𝟎

𝒇
𝜦𝒃
𝟎 𝟖. 𝟐 ± 𝟎. 𝟕 ± 𝟎. 𝟔 ± 𝟐. 𝟓 × 𝟏𝟎−𝟐 @ 13 TeV

LHCb-PAPER-2024-043
PRD99 (2019) 052006

𝟔. 𝟕 ± 𝟎. 𝟓 ± 𝟎. 𝟓 ± 𝟐. 𝟎 × 𝟏𝟎−𝟐 @ 7, 8 TeV

Fragmentation fraction of 𝚵𝒃
− used assuming Isospin symmetry

https://doi.org/10.1103/PhysRevD.99.052006


Signal channel (𝜦𝒃
𝟎 → 𝜦𝑲+𝑲−)
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𝓑(𝚲𝒃
𝟎 → 𝚲𝒉+𝒉′−)

𝓑(𝚲𝒃
𝟎 → 𝚲𝒄

+ → 𝚲𝝅+ 𝝅−)
=

𝑵𝚲𝒃
𝟎→𝚲𝒉+𝒉′−

𝑵𝜦𝒃
𝟎→𝜦𝒄

+ →𝚲𝝅+ 𝝅−
×
𝝐𝜦𝒃

𝟎→𝜦𝒄
+ →𝚲𝝅+ 𝝅−

𝝐𝜦𝒃
𝟎→𝚲𝒉+𝒉′−

𝑵 = 𝟏𝟗𝟐𝟎 ± 𝟓𝟎

𝜦𝑲+𝑲−

𝓑 = 𝟏𝟎. 𝟕 ± 𝟎. 𝟑 ± 𝟎. 𝟒 ± 𝟏. 𝟏 × 𝟏𝟎−𝟔

Optimized using significance F.O.M.

𝑵𝑺/( 𝑵𝑺 +𝑵𝑩)

Signal yield:

LHCb-PAPER-2024-043

• Predictions rather limited, only for quasi two-body
processes;

• Mainly on 𝜦𝒃
𝟎 → 𝜦𝑽 processes, e.g. 𝜦𝒃

𝟎 → 𝜦𝝓

• Amplitude analysis needed for precise test

• Little on other processes, like 𝜦𝒃
𝟎 → 𝑵∗+𝑲−

• QCDF：6.3× 𝟏𝟎−𝟔

• GFA: 1.7× 𝟏𝟎−𝟔

• PQCD: 6.9× 𝟏𝟎−𝟔

arXiv:1803.01297

arXiv:1603.06682

arXiv:2210.15357

Preliminary

stat. sys. control channel
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𝓑(𝚲𝒃
𝟎 → 𝚲𝒉+𝒉′−)

𝓑(𝚲𝒃
𝟎 → 𝚲𝒄

+ → 𝚲𝝅+ 𝝅−)
=

𝑵𝚲𝒃
𝟎→𝚲𝒉+𝒉′−

𝑵𝜦𝒃
𝟎→𝜦𝒄

+ →𝚲𝝅+ 𝝅−
×
𝝐𝜦𝒃

𝟎→𝜦𝒄
+ →𝚲𝝅+ 𝝅−

𝝐𝜦𝒃
𝟎→𝚲𝒉+𝒉′−

𝑵 = 𝟏𝟗𝟐𝟎 ± 𝟓𝟎 𝑵 = 𝟔𝟏𝟖 ± 𝟑𝟐
𝜦𝑲+𝑲− 𝜦𝑲+𝝅−

ℬ = 𝟒. 𝟔 ± 𝟎. 𝟐 ± 𝟎. 𝟒 ± 𝟎. 𝟓 × 𝟏𝟎−𝟔

Optimized using significance F.O.M.

𝑵𝑺/( 𝑵𝑺 +𝑵𝑩)

Signal yield:

LHCb-PAPER-2024-043Signal channel (𝜦𝒃
𝟎 → 𝜦𝑲+𝝅−)

Preliminary

Preliminary
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𝓑(𝚲𝒃
𝟎 → 𝚲𝒉+𝒉′−)

𝓑(𝚲𝒃
𝟎 → 𝚲𝒄

+ → 𝚲𝝅+ 𝝅−)
=

𝑵𝚲𝒃
𝟎→𝚲𝒉+𝒉′−

𝑵𝜦𝒃
𝟎→𝜦𝒄

+ →𝚲𝝅+ 𝝅−
×
𝝐𝜦𝒃

𝟎→𝜦𝒄
+ →𝚲𝝅+ 𝝅−

𝝐𝜦𝒃
𝟎→𝚲𝒉+𝒉′−

𝑵 = 𝟏𝟗𝟐𝟎 ± 𝟓𝟎 𝑵 = 𝟔𝟏𝟖 ± 𝟑𝟐 𝑵 = 𝟔𝟒𝟎 ± 𝟒𝟎
𝜦𝑲+𝑲− 𝜦𝑲+𝝅− 𝜦𝝅+𝝅−

ℬ = 𝟓. 𝟑 ± 𝟎. 𝟒 ± 𝟎. 𝟓 ± 𝟎. 𝟓 × 𝟏𝟎−𝟔

Optimized using significance F.O.M.

𝑵𝑺/( 𝑵𝑺 +𝑵𝑩)

Signal yield:

First observation

LHCb-PAPER-2024-043Signal channels (𝜦𝒃
𝟎 → 𝜦𝝅+𝝅−)

Preliminary

Preliminary

Preliminary
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𝓑(𝚵𝒃
𝟎 → 𝚲𝒉+𝒉′−)

𝓑(𝚲𝒃
𝟎 → 𝚲𝒄

+ → 𝚲𝝅+ 𝝅−)
=

𝑵𝚵𝒃
𝟎→𝚲𝒉+𝒉′−

𝑵𝜦𝒃
𝟎→𝜦𝒄

+ →𝚲𝝅+ 𝝅−
×
𝝐𝜦𝒃

𝟎→𝜦𝒄
+ →𝚲𝝅+ 𝝅−

𝝐𝚵𝒃
𝟎→𝚲𝒉+𝒉′−

×
𝒇𝚵𝐛

𝟎

𝒇𝚲𝐛
𝟎

𝑵 = 𝟏𝟐 ± 𝟗
𝜦𝑲+𝑲−

ℬ < 𝟐. 𝟒 𝟐. 𝟖 × 𝟏𝟎−𝟔@𝟗𝟎% 𝟗𝟓 𝑪. 𝑳.

Optimized using Punzi F.O.M.

𝑵𝑺/( 𝑵𝑩 + 𝟓/𝟐)

Not significant, 1.7 𝝈

LHCb-PAPER-2024-043Signal channels (𝚵𝒃
𝟎 → 𝜦𝑲+𝑲−)

here

Preliminary
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𝓑(𝚵𝒃
𝟎 → 𝚲𝒉+𝒉′−)

𝓑(𝚲𝒃
𝟎 → 𝚲𝒄

+ → 𝚲𝝅+ 𝝅−)
=

𝑵𝚵𝒃
𝟎→𝚲𝒉+𝒉′−

𝑵𝜦𝒃
𝟎→𝜦𝒄

+ →𝚲𝝅+ 𝝅−
×
𝝐𝜦𝒃

𝟎→𝜦𝒄
+ →𝚲𝝅+ 𝝅−

𝝐𝚵𝒃
𝟎→𝚲𝒉+𝒉′−

×
𝒇𝚵𝐛

𝟎

𝒇𝚲𝐛
𝟎

𝑵 = 𝟏𝟐 ± 𝟗 𝑵 = 𝟏𝟏𝟗 ± 𝟏𝟓
𝜦𝑲+𝑲− 𝜦𝑲−𝝅+

Optimized using Punzi F.O.M.

𝑵𝑺/( 𝑵𝑩 + 𝟓/𝟐)

First observation

ℬ = (𝟏𝟎. 𝟒 ± 𝟏. 𝟒 ± 𝟏. 𝟐 ± 𝟑. 𝟓) × 𝟏𝟎−𝟔

LHCb-PAPER-2024-043Signal channels (𝚵𝒃
𝟎 → 𝜦𝑲−𝝅−)

Preliminary
Preliminary
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𝓑(𝚵𝒃
𝟎 → 𝚲𝒉+𝒉′−)

𝓑(𝚲𝒃
𝟎 → 𝚲𝒄

+ → 𝚲𝝅+ 𝝅−)
=

𝑵𝚵𝒃
𝟎→𝚲𝒉+𝒉′−

𝑵𝜦𝒃
𝟎→𝜦𝒄

+ →𝚲𝝅+ 𝝅−
×
𝝐𝜦𝒃

𝟎→𝜦𝒄
+ →𝚲𝝅+ 𝝅−

𝝐𝚵𝒃
𝟎→𝚲𝒉+𝒉′−

×
𝒇𝚵𝐛

𝟎

𝒇𝚲𝐛
𝟎

𝑵 = 𝟏𝟐 ± 𝟗 𝑵 = 𝟏𝟏𝟗 ± 𝟏𝟓 𝑵 = 𝟓𝟔 ± 𝟐𝟕
𝜦𝑲+𝑲− 𝜦𝑲−𝝅+ 𝜦𝝅+𝝅−

Optimized using Punzi F.O.M.

𝑵𝑺/( 𝑵𝑩 + 𝟓/𝟐)

4𝛔, first evidence

ℬ = (𝟏𝟏. 𝟎 ± 𝟐. 𝟔 ± 𝟏. 𝟒 ± 𝟑. 𝟖) × 𝟏𝟎−𝟔

LHCb-PAPER-2024-043Signal channels (𝚵𝒃
𝟎 → 𝜦𝝅+𝝅−)

Preliminary Preliminary Preliminary

here



Methodology of 𝑨𝑪𝑷 measurements at LHCb

2024/11/05 24UCAS, Wenbin Qian

𝐴𝐶𝑃
𝑓

=
Γ Λ𝑏

0 → 𝑓 − Γ(ഥΛ𝑏
0 → ҧ𝑓)

Γ Λ𝑏
0 → 𝑓 + Γ(ഥΛ𝑏

0 → ҧ𝑓)

𝐴Raw
𝑓

=
𝑁 Λ𝑏

0 → 𝑓 − 𝑁(ഥΛ𝑏
0 → ҧ𝑓)

𝑁 Λ𝑏
0 → 𝑓 + 𝑁(ഥΛ𝑏

0 → ҧ𝑓)

Physical quantity of interests

What we see directly from 

mass plots 

Experimental effects

See laterPreliminary



Methodology of 𝑨𝑪𝑷 measurements at LHCb

2024/11/05 25UCAS, Wenbin Qian

𝐴𝐶𝑃
𝑓

=
Γ Λ𝑏

0 → 𝑓 − Γ(ഥΛ𝑏
0 → ҧ𝑓)

Γ Λ𝑏
0 → 𝑓 + Γ(ഥΛ𝑏

0 → ҧ𝑓)

𝐴Raw
𝑓

=
𝑁 Λ𝑏

0 → 𝑓 − 𝑁(ഥΛ𝑏
0 → ҧ𝑓)

𝑁 Λ𝑏
0 → 𝑓 + 𝑁(ഥΛ𝑏

0 → ҧ𝑓)

𝐴P
Λ𝑏
0

=
𝜎 Λ𝑏

0 − 𝜎(ഥΛ𝑏
0 )

𝜎 Λ𝑏
0 + 𝜎(ഥΛ𝑏

0 )
𝐴D
𝑓
=
𝜖 𝑓 − 𝜖( ҧ𝑓)

𝜖 𝑓 + 𝜖( ҧ𝑓)

Physical quantity of interests

What we see directly from 

mass plots 

𝑨𝑪𝑷
𝒇

= 𝑨𝐑𝐚𝐰
𝒇

− 𝑨𝐏
𝜦𝒃
𝟎

− 𝑨𝐃
𝒇

Experimental effects
Production asymmetry Detection asymmetry

See laterPreliminary



Control channel for 𝑨𝑪𝑷 measurements
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𝑨𝑪𝑷
𝑺 = 𝑨𝐑𝐚𝐰

𝑺 − 𝑨𝐏
𝜦𝒃
𝟎

− 𝑨𝐃
𝑺

Signal channel

𝑨𝑪𝑷
𝑪 = 𝑨𝐑𝐚𝐰

𝑪 − 𝑨𝐏
𝜦𝒃
𝟎

− 𝑨𝐃
𝑪

Control channel

𝜟𝑨𝑪𝑷 = 𝜟𝑨𝐑𝐚𝐰 − 𝜟𝑨𝐏
𝜦𝒃
𝟎

− 𝜟𝑨𝐃

𝚲𝒃
𝟎 → 𝚲𝒄

+(→ 𝚲𝝅+)𝝅−

𝑨𝑪𝑷~𝟎

Similar topology

𝜟𝑨𝑷
𝜦𝒃
𝟎

: mostly canceled, small residual due to kinematic

difference induced by selections

𝜟𝑨𝑫: mostly canceled, small residual due to

kinematic difference induced by selections or particle

type difference (K vs 𝛑)



Production asymmetry
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𝐴P
Λ𝑏
0

=
𝜎 𝑝𝑝 → Λ𝑏

0 − 𝜎(𝑝𝑝 → ഥΛ𝑏
0 )

𝜎 𝑝𝑝 → Λ𝑏
0 + 𝜎(𝑝𝑝 → ഥΛ𝑏

0 )

LHCb-PAPER-2021-016

• Production asymmetry of 𝒃ഥ𝒃，

dominated by gg fusion

• Hadronization asymmetry of 𝚲𝐛
𝟎 and

ഥ𝚲𝒃
𝟎 in pp collisions

• 𝑨𝑷 : 1~2% , measured by LHCb as a function of y, 𝒑𝑻

• 𝜟𝑨𝑷 ~ 𝟎. 𝟐%, with uncertainties around 0.2%: consistent with 0

• 𝑨𝑷: Only Run 1 measured, Run2 (expected to be smaller) uses

Run1 measurements



Detection asymmetry
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𝐴D
𝑓
=
𝜖 𝑓 − 𝜖( ҧ𝑓)

𝜖 𝑓 + 𝜖( ҧ𝑓)

• Matter, antimatter interact with detector (made by

matter) differently

• 𝒇: different combinations of 𝒑,𝑲, 𝝅 etc.

• Including effects from reconstruction of particles, PID,

trigger effects; 𝐴𝐷
ℎ = 𝐴𝑅𝑒𝑐

ℎ + 𝐴𝑇𝑟𝑖
ℎ + 𝐴𝑃𝐼𝐷

ℎ , ℎ = 𝐾, 𝜋, 𝑝

Significantly reduced

using control channel

• Obtained using data-driven method with calibration channels

𝜟𝑨𝑫: ~1%



CP violation measurements (1)
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Consistent with 0 within 2.4𝛔

𝚲𝒃
𝟎 → 𝚲𝑲+𝝅−

Δ𝐴𝐶𝑃 = −0.118 ± 0.045 ± 0.021

Consistent with 0

𝚲𝒃
𝟎 → 𝚲𝝅+𝝅−

Δ𝐴𝐶𝑃 = −0.013 ± 0.053 ± 0.018

LHCb-PAPER-2024-043

Preliminary

Preliminary



CP violation measurements (2)
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𝚲𝒃
𝟎 → 𝚲𝑲+𝑲−

𝚫𝑨𝑪𝑷 = 𝟎. 𝟎𝟖𝟑 ± 𝟎. 𝟎𝟐𝟑 ± 𝟎. 𝟎𝟏𝟔

First evidence of CP violation, 3.1𝝈

Three body decays, need to know which resonance contributes

LHCb-PAPER-2024-043

Preliminary



Dalitz plot distributions
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𝚲𝒃
𝟎 → 𝚲𝑲+𝑲−

𝚲𝒃
𝟎 → 𝑵∗+𝑲−

𝚲𝒃
𝟎 → 𝚲𝝓

𝚲𝐛
𝟎 → 𝚲𝒇 𝟏𝟓𝟎𝟎

𝚲𝒃
𝟎 → 𝚲𝑲+𝝅−

Mainly 𝚲𝒃
𝟎 → 𝑵∗+𝝅−

Small contribution

from 𝜦𝒃
𝟎 → 𝜦𝑲∗

𝚲𝒃
𝟎 → 𝚲𝝅+𝝅−

Mainly 𝜦𝒃
𝟎 → 𝜦𝒇𝟎 𝟗𝟖𝟎 ,

𝜦𝒃
𝟎 → 𝜦𝒇𝟐(𝟏𝟐𝟕𝟎)

LHCb-PAPER-2024-043

Preliminary

Preliminary

Yields
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𝚲𝒃
𝟎 → 𝚲𝑲+𝝅−

Mainly 𝚲𝒃
𝟎 → 𝑵∗+𝝅−

Small contribution

from 𝜦𝒃
𝟎 → 𝜦𝑲∗

𝚲𝒃
𝟎 → 𝚲𝝅+𝝅−

Mainly 𝜦𝒃
𝟎 → 𝜦𝒇𝟎 𝟗𝟖𝟎 ,

𝜦𝒃
𝟎 → 𝜦𝒇𝟐(𝟏𝟐𝟕𝟎)

Looking into Dalitz plot (𝚲𝐛
𝟎 → 𝚲𝒉+𝝅−)

𝚫𝑨𝑪𝑷 𝑵∗+𝝅− = −𝟎. 𝟎𝟕𝟖 ± 𝟎. 𝟎𝟓𝟏 ± 𝟎. 𝟎𝟐𝟕

𝚫𝑨𝑪𝑷 𝜦𝒇 = 𝟎. 𝟎𝟖𝟖 ± 𝟎. 𝟎𝟔𝟗 ± 𝟎. 𝟎𝟐𝟏

No evidence of CP violation in resonant

regions (quasi two-body decays )

LHCb-PAPER-2024-043

Preliminary



Looking into Dalitz plot (𝚲𝐛
𝟎 → 𝚲𝐊+𝐊−)

2024/11/05 33UCAS, Wenbin Qian

𝚫𝑨𝑪𝑷(𝑵
∗+𝑲−) = 𝟎. 𝟏𝟔𝟓 ± 𝟎. 𝟎𝟒𝟖 ± 𝟎. 𝟎𝟏𝟕

First evidence of CP violation in

local resonant region, 3.2𝝈

𝚫𝑨𝑪𝑷(𝚲𝝓) = 𝟎. 𝟏𝟓𝟎 ± 𝟎. 𝟎𝟓𝟓 ± 𝟎. 𝟎𝟐𝟏
Consistent with 0 within 2.5𝝈

Predicted CPV (resonant), ~1.5%

PRD107 (2023) 053009

LHCb-PAPER-2024-043

Preliminary

region

https://doi.org/10.1103/PhysRevD.107.053009


CP violation in 𝚲𝐛
𝟎 → 𝑵∗+𝑲−

2024/11/05 34UCAS, Wenbin Qian

• Many 𝑵∗+ contributions： 𝑵 𝟏𝟓𝟐𝟎 ,𝑵 𝟏𝟔𝟓𝟎 ,𝑵 𝟏𝟔𝟖𝟎 ,𝑵 𝟏𝟕𝟏𝟎 etc. difficult to untangle

CPC48 (2024) 101002

weak phase strong phase

𝑵𝝅 scattering

CP violation as

large as 20~30%

expected

Different 

scattering 
amplitudes

Scattering input from SAID program

https://doi.org/10.1088/1674-1137/ad75f4
https://gwdac.phys.gwu.edu/


2024/11/05 35UCAS, Wenbin Qian

Studies of 𝜦𝒃
𝟎 → 𝒑𝒉− decays



Analysis strategy
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• Golden channel to search for CP violation in baryon decays

• Predictions ranges from few percent to as large as 30%

• Two different strategy taken for Run1 data and Run2 data

𝑨𝑪𝑷
𝒑𝒉

= 𝑨𝑹𝒂𝒘
𝒑𝒉

− 𝑨𝑫
𝒑
− 𝑨𝑫

𝒉 − 𝑨𝑷𝑰𝑫
𝒑𝒉

− 𝑨𝑻𝒓𝒊
𝒑𝒉

− 𝑨𝑷

• Production and detection

asymmetry all measured by

calibration channels

• Used directly to obtain 𝑨𝑪𝑷
𝒑𝒉

• 𝜦𝒃
𝟎 → 𝜦𝒄

+(→ 𝒑𝑲−𝝅+)𝝅− used as control

channel to cancel production asymmetry

• 𝜟𝑨𝑷 = 𝟎 by default by reweighting

kinematic

• 𝑨𝑪𝑷
𝜦𝒄
+𝝅−

= 𝟎 in SM

𝑨𝑪𝑷
𝒑𝒉

= 𝚫𝐀𝑹𝒂𝒘 − 𝚫𝑨𝑫
𝒑
− 𝚫𝑨𝑫

𝒉 − 𝚫𝐀𝐏𝐈𝐃

−𝚫𝑨𝑷 − 𝚫𝐀𝐓𝐫𝐢 + 𝐀𝐂𝐏
𝚲𝐜
+𝝅−

LHCb-PAPER-2024-048



Results of 𝑨𝑪𝑷 measurements
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𝒑𝑲− ഥ𝒑𝑲+

𝒑𝝅− ഥ𝒑𝝅+

2018 Mag. Down 

• No clear asymmetry observed directly 

from invariant mass plot

• Run 1 results (updated with much smaller 

systematic uncertainties):

• Run 2 results:

• Combined: 9.6% correlation

LHCb-PAPER-2024-048

29K signals in total

19K signals in total

Preliminary



Systematic uncertainties
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LHCb-PAPER-2024-048

Dominant systematic uncertainty,

reduced with more data

PID uncertainties from calibration,

reduced with more data

Estimated with control sample, 

validated with simulation, reduced

with more data

No crucial systematic uncertainties for future improvements



Why CP violation in 𝜦𝒃
𝟎 → 𝒑𝒉 small？
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• Sizeable CP violation found in 𝑩(𝒔)
𝟎 → 𝒉+𝒉′− decays

• Many theoretical predictions also give large CP violation

Transitions 𝒃 → 𝒅𝒖ഥ𝒖 𝒃 → 𝒔𝒖ഥ𝒖

Decays 𝑩𝟎 → 𝝅+𝝅− 𝑩𝒔
𝟎 → 𝝅+𝑲− 𝚲𝐛

𝟎 → 𝒑𝝅− 𝑩𝟎 → 𝑲+𝝅− 𝑩𝒔
𝟎 → 𝑲+𝑲− 𝚲𝐛

𝟎 → 𝒑𝑲−

Direct CPV (%) −31.4 ± 3.0 22.4 ± 1.2 0.20 ± 0.91 8.31 ± 0.31 16.2 ± 3.5 −1.14 ± 0.76

Same Feynman diagrams, only

spectator quark(s) different

+

Possible additional

W-exchange diagram

in baryon decays



Possible explanations
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• Small strong phase difference?

𝛿1 − 𝛿2~0?

• Complications in baryon weak decays

½+ → ½+ + 0−

S + P waves

Cancellation between 

S, P waves

arXiv:2409.02821

General phenom.

𝑟𝑆 =
𝑎2
𝑆

𝑎1
𝑆 𝑟𝑃 =

𝑎2
𝑃

𝑎1
𝑃

Effective reduction on sensitivity

arXiv:2112.12954

https://arxiv.org/abs/2409.02821
https://arxiv.org/abs/2112.12954


Can we do more?
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𝛼∓ = ±
2ℜ(𝑆∗𝑃)

𝑆 2 + 𝑃 2
= ±

2 𝑆 𝑃 cos(𝛿 ± 𝜙)

𝑆 2 + 𝑃 2

• More complicated, but also add more information

• Decay parameters, first proposed by Lee and Yang (1959) to study hyperon decays

𝛅: strong phase difference between S and P waves

𝛟: weak phase difference between S and P waves

𝐴𝛼 =
𝛼+ + 𝛼−
𝛼+ − 𝛼−

= −tan 𝛿 tan(𝜙)

𝛽∓ = ±
2ℑ(𝑆∗𝑃)

𝑆 2 + 𝑃 2
= ±

2 𝑆 𝑃 sin(𝛿 ± 𝜙)

𝑆 2 + 𝑃 2

𝑅𝛽1 =
𝛽+ + 𝛽−
𝛼+ − 𝛼−

= tan(𝜙) 𝑅𝛽2 =
𝛽+ − 𝛽−
𝛼+ − 𝛼−

= −tan(𝛿)

𝛾 =
𝑆 2 − 𝑃 2

𝑆 2 + 𝑃 2
𝛼2 + 𝛽2 + 𝛾2 = 1

• New CP observables:

Phys. Rev. 108 (1959) 1645



LHCb can contribute
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arXiv:2409.02759

• Several decay chains considered:

Λ𝑏
0 → Λ𝑐

+(→ 𝑝𝐾𝑆
0)ℎ−

Λ𝑏
0 → Λ𝑐

+(→ Λℎ+)ℎ−, Λ → 𝑝𝜋−

𝛼𝑏: Λ𝑏
0 → Λ𝑐

+ℎ− 𝛼𝑐: Λ𝑐
+ → 𝑝𝐾𝑆

0

𝛼𝑏: Λ𝑏
0 → Λ𝑐

+ℎ− 𝛼𝑐 , 𝛽𝑐 , 𝛾𝑐: Λ𝑐
+ → Λℎ+

𝛼𝑠: Λ → 𝑝𝜋−

https://arxiv.org/abs/2409.02759


Results of decay parameters
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𝚲𝒃
𝟎 → 𝚲𝒄

+𝝅−

𝚲𝒃
𝟎 → 𝚲𝒄

+𝑲−

𝚲𝒃
𝟎 → 𝚲𝒄

+ → 𝚲𝒉+ 𝝅−

𝚲𝒄
+ → 𝚲𝐊+

• First determination of 𝛂 in 𝜦𝒃
𝟎 → 𝜦𝒄

+𝒉−

decays (precision ~𝟎. 𝟗% for 𝜦𝒄
+𝝅−)

• Most precise determinations of 𝜶, (𝜷, 𝜸) in

𝜦𝒄
+ → 𝒑𝑲𝑺

𝟎 (precision ~𝟏. 𝟒%) and 𝜦𝒄
+ → 𝜦𝒉+

decays

• Confirmation of 𝛂(𝚲 → 𝒑𝝅−) from BESIII

(significantly higher than previous

measurements)

• Results consistent with no CP violation in 

both 𝑨𝜶 and 𝑹𝜷𝟏 (precision ~𝟐% for 𝜦𝒄
+𝝅−)

• Pave the way for other decay parameter

measurements (more sensitive)

arXiv:2409.02759

𝚲𝒃
𝟎 → 𝚲𝒄

+(→ 𝒑𝑲𝑺
𝟎)𝒉−

𝚲𝒄
+ → 𝚲𝝅+

𝚲𝒄
+ → 𝚲𝝅+

𝚲𝒄
+ → 𝚲𝐊+ 𝚲𝒄

+ → 𝚲𝐊+

𝚲𝒄
+ → 𝚲𝝅+

𝚲𝒃
𝟎 → 𝚲𝒄

+ → 𝚲𝒉+ 𝝅− 𝚲𝒃
𝟎 → 𝚲𝒄

+ → 𝚲𝒉+ 𝝅−

https://arxiv.org/abs/2409.02759


We can understand with 𝜩𝒃
− → 𝜦𝒃

𝟎𝝅− decay
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Λ𝑏
0 → Λ𝑐

+(→ 𝑝𝐾−𝜋+)𝜋−

ℬ = 𝟑𝟎. 𝟔 ± 𝟐. 𝟖 ×
𝟏𝟎−𝟓

𝑵~𝟗 × 𝟏𝟎𝟓

PRD108 (2023) 072002

Λ𝑏
0 → Λ𝑐

+ → 𝑝𝐾−𝜋+ 𝜋+𝜋−𝜋+

ℬ = 𝟒𝟕 ± 𝟕 × 𝟏𝟎−𝟓

𝑵~𝟓 × 𝟏𝟎𝟓

𝑁 Λ𝑐
+𝜋− = 126 ± 19

𝑁 Λ𝑐
+𝜋+𝜋−𝜋+ = 154 ± 23

𝚶(𝟏𝟎𝟎) events expected for 𝜩𝒃
− → 𝜦𝒃

𝟎(→ 𝒑𝒉−)𝝅−

decays for 𝛂 measurement adding LHCb Run3;

more information on the small 𝑨𝑪𝑷 in 𝜦𝒃
𝟎 → 𝒑𝒉−

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.072002


CP violation in baryon decays in near future
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• Hyperon decays: 𝚲 → 𝒑𝝅− (3.2M events from BESIII)

• Charm decays: 𝚲𝐜
+ → 𝒑𝝅+𝝅−, 𝒑𝑲+𝑲− (LHCb, Run1, 𝚲𝒄

+ from 𝒃 decays)

• Beauty baryon decays:

• Further explore channels with more data: 𝜦𝒃
𝟎 → 𝒑𝑲𝑺

𝟎𝒉− (Run 1), 𝜦𝒃
𝟎 → 𝑱/𝝍𝒑𝒉− (Run 1),

𝜦𝒃
𝟎 → 𝒑𝝅−𝝅+𝝅− (Run 1 𝑨𝑪𝑷, Run 1+2 TPA), 𝜦𝒃

𝟎 → 𝒑𝑲−𝝅+𝝅− (Run 1) and 𝜦𝒃
𝟎 → 𝒑𝝅𝟎𝒉−

• Especially 𝜦𝒃
𝟎 → 𝒑𝑲−𝝅+𝝅− (𝚲𝐛

𝟎 → 𝒑𝝅𝟎𝑲−), which also contains resonant contributions

from 𝜦𝒃
𝟎 → 𝑵∗+ → 𝒑𝝅+𝝅− 𝑲− (𝚲𝐛

𝟎 → 𝑵∗+ → 𝒑𝝅𝟎 𝑲−)

• Unknown suppression factor (QCD related), luck needed to find where it hides！

𝛼− + 𝛼+
𝛼− − 𝛼+

= − 2.5 ± 4.8 × 10−3
With Super 𝝉-charm factory, sensitivity

around 𝟏𝟎−𝟒, approaching SM prediction

𝑨𝑪𝑷 𝚲𝒄
+ → 𝒑𝑲+𝑲− − 𝑨𝑪𝑷 𝚲𝒄

+ → 𝒑𝝅+𝝅− = 𝟎. 𝟎𝟎𝟑 ± 𝟎. 𝟎𝟏𝟏
With prompt 𝚲𝐜

+ and Run3 data,

precision less than 𝟏𝟎−𝟑,

approaching SM predictions
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What if we find 5𝝈 CP
violation in baryon?

Next question: is it SM?



𝜸 measurements in 𝚲𝐛
𝟎 decays
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• Measuring angle 𝛄 in 𝚲𝐛
𝟎 decays help answering

• 𝑩+: (𝟔𝟑. 𝟒−𝟑.𝟑
+𝟑.𝟐)°

• 𝑩𝟎: (𝟔𝟒. 𝟔−𝟕.𝟓
+𝟔.𝟓)°

• 𝑩𝒔
𝟎: (𝟕𝟓. 𝟎−𝟏𝟏.𝟎

+𝟏𝟎.𝟎)°

• 𝚲𝐛
𝟎 : no measurements yet!!!

• Angle 𝛄 measured in different b hadrons

• Provide additional way to search CP in

baryon decays

• LHCb has already made a first step

forward

A non-zero 𝛄
indicates CP

violation

LHCb-CONF-2024-004

https://cds.cern.ch/record/2905625/files/LHCb-CONF-2024-004.pdf


Observation of ADS mode in 𝚲𝐛
𝟎 → 𝑫𝒑𝑲
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Favored：𝜦𝒃
𝟎 → 𝑲−𝝅+ 𝒑𝑲− Suppressed: 𝜦𝒃

𝟎 → 𝑲+𝝅− 𝒑𝑲−

𝒃 → 𝒖 and 𝒃 → 𝒄 similar level: suitable
for 𝜸 measurement

𝟏𝟒𝟑𝟕 ± 𝟗𝟐 241±𝟐𝟐

𝚲𝐜
∗+ (𝒃 → 𝒄)

not sensitive for 𝜸 𝚲∗ (𝒃 → 𝒄 +
𝒃 → 𝒖 )

sensitive for 𝜸

𝑫𝒔
∗+ (𝒃 → 𝒖)

Can be used for for 𝜸?

PRD104 (2021) 112008

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.112008


𝑨𝑪𝑷 measurements in 𝚲𝐛
𝟎 → 𝑫𝒑𝑲
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𝑴𝟐 𝒑𝑲 < 𝟓 𝐆𝐞𝐕𝟐

𝜦𝒃
𝟎 ഥ𝜦𝒃

𝟎 𝜦𝒃
𝟎 ഥ𝜦𝒃

𝟎

Full phase space

Extracting 𝜸 complicated, more channels/data, better methods needed

PRD104 (2021) 112008

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.112008


Most important: more data coming
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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



Conclusion
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• CP violation crucial for understanding matter antimatter asymmetry in Universe

• However, CP violation in baryon decays not established yet

• LHCb experiments fully explore its potential on baryon CP violation

• Evidence of baryon CP violation found in 𝜦𝒃
𝟎 → 𝜦𝑲+𝑲− decays (full phase space)

and in local resonant region 𝜦𝒃
𝟎 → 𝑵∗+𝑲−

• Precise CP violation measurements also in 𝜦𝒃
𝟎 → 𝒑𝒉− decays, further

understanding of the small 𝑨𝑪𝑷 needed

• Stay tuned for more interesting results on baryon CP violation from LHCb
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Thank you for your attention!



Further investigation
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• Less resonant dependence binning: adaptive binning approach (efficient when

events are huge)

• Due to lack of statistics, no bin has significance more than 3𝝈

LHCb-PAPER-2024-043



CP violation induced by different components
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• New types of CP violation found by the LHCb experiment
in 𝑩+ → 𝝅+𝝅−𝝅+ decays: CP violation through
interference between S- and P-waves

• Similarly, also in b-baryon decays, affecting search of CP
violation

𝒎

cos 𝜃

𝒎

cos𝜃

+−

+ −

+

+

+

+

𝑨𝑪𝑷 through S- and

P-wave interference

𝑨𝑪𝑷 in one

resonance

LHCb-PAPER-2019-019



CP violation phenomena
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Direct CP violation CP violation in mixing CP violation in interference between

mixing and decay

ഥ𝑩
ҧ𝑓

≠
𝑩

𝑓

ഥ𝑩
ҧ𝑓

≠

𝑩
𝑓

ഥ𝑩

𝑩

+

+

≠

1964

CP violation

(in mixing) in

neutral Kaon
decays

1999

Direct CP

violation in

neutral Kaon
decays

2001

CP violation in

mixing and

decay in 𝑩𝟎

decays

2019

Direct CP

violation in

𝑫𝟎 decays

2012

Direct CP

violation in
𝑩+ decays

2013

Direct CP

violation in

𝑩𝒔
𝟎 decays

2004

Direct CP

violation in

𝑩𝟎 decays

????

Direct CP

violation

in baryon 
decays

Not only rich our understanding, but also provide new mechanism
for generating matter antimatter asymmetry


