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• Within SM: observation of baryon CPV still awaiting...... until 2025！

• Sakharov conditions: CP violation required to explain matter-antimatter asymmetry 

• Astrophysics reveals asymmetry beyond explanation of SM (𝜂 = nB − nഥB /𝑛𝛾 ~10−10)

https://arxiv.org/abs/1204.4186
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Motivation

• No observation in 𝛬𝑏
0 → 𝑝ℎ two-body decays

• Three (or more) body decays may provide more insight:

• Phase-space dependent strong-phase & resonant contributions

• LHCb has explored:

• 𝛬𝑏 → 𝐽/𝜓𝑝ℎ direct CPV, 3fb-1

• 𝛯𝑏 → 𝑝𝐾−𝐾− amplitude analysis, 5fb-1

• 𝛬𝑏 → 𝑝𝐷0𝐾− direct CPV, 9fb-1

• 𝛬𝑏 → 𝛬𝑐(→ Λℎ+)ℎ−decay parameters, 9fb-1

• …
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Predictions

• b meson decays: 𝑩+ → 𝒉+𝒉+𝒉−

Quasi-two-body decays, 𝐴CP～4%
[j.phys.13.12.040]

Both dominated by 𝒃 → 𝒔𝒖ഥ𝒖 process, CP violation exists theoretically

𝑉𝑡𝑠
∗ 𝑉𝑢𝑏

• b baryon decays: 𝜦𝒃
𝟎 → 𝜦𝒉+𝒉′− 

𝛬𝑏
0 → 𝛬𝑉 decay chains, 𝐴CP～0 − 4%

𝑁∗+𝜋− scattering, 𝐴CP～ − 4%~10%

[PRD.107.053009, EPJC.76.399, PRD95.093001, 

PRD99.054020]

[CPC.48.101001]

𝛬𝑏
0/𝛯𝑏

0 → 𝛬𝐾+𝐾−

𝛬𝑏
0/𝛯𝑏

0 → 𝛬𝜋+𝜋−

𝛬𝑏
0 → 𝛬𝐾+𝜋−

𝛯𝑏
0 → 𝛬𝐾−𝜋+➢ This work: CPV  in 𝛬𝑏

0/𝛯𝑏
0 → 𝛬ℎ+ℎ′− channels
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LHCb detector

➢ LHCb detector is designed for heavy flavour events

The LHCb detector has world-leading precision 
in bottom hadron CPV measurements .

• VELO Detector: excellent position & time resolution
• PID System: hadron & muon identification
• Tracking System: track resolution
• Trigger System: high efficiency, high signal rate

• Has collected 9 fb-1 with Run1 + 2
• Expecting even more events (~5 times) in Run3
• Efficiency also increased

Run1+Run2 LHCb Detector



Experimental method
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Λ𝑏
0 mass peak

LHCb unofficial
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Signal extraction

➢ Events collected with LHCb trigger system is “dirty”, when we need N

➢A set of selection procedures to suppress 

backgrounds, which mainly come from:

1. Randomly combined tracks (majority)

2. Physical backgrounds: 

a. decays through charm states (𝑫𝟎, 𝑱/𝝍, 𝝌𝒄𝟎 … )

b. partial reconstruction or mis-identified processes
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Event selections

➢Dedicated selection procedures:

1. Mass vetoes: remove mass regions near physical peaks

2. MVA selection: machine-learning based BDT classifier

• Utilizing kinematic and topological information

• Trained with simulated sample, optimized with 𝑁𝑆/ 𝑁𝑆 + 𝑁𝐵

3. PID requirements

4. Mass fits are performed:

• Describe remained backgrounds

• Signal component

𝛬𝑏
0/𝛯𝑏

0 → 𝛬𝐾+𝐾−

𝛬𝑏
0/𝛯𝑏

0 → 𝛬𝜋+𝜋−

𝛬𝑏
0 → 𝛬𝐾+𝜋−

𝛯𝑏
0 → 𝛬𝐾−𝜋+

all measured

𝜦𝒃 → 𝜦𝑲𝑲 signal yield: 𝑵 = 𝟏𝟗𝟐𝟎 ± 𝟓𝟎
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CPV observable

𝐴𝐶𝑃
phy

≡
Γ 𝛬𝑏→𝑓 −Γ ഥ𝛬𝑏→ ҧ𝑓

Γ 𝛬𝑏→𝑓 +Γ ഥ𝛬𝑏→ ҧ𝑓
⇒

𝑁 𝛬𝑏→𝑓 −𝑁 ഥ𝛬𝑏→ ҧ𝑓

𝑁 𝛬𝑏→𝑓 +𝑁 ഥ𝛬𝑏→ ҧ𝑓
≡ 𝐴𝐶𝑃

raw

Signal extractionEvent selection

 X

Fit results & Pull distributions

Pull Distribution of the yields of                     DD channelΛ0
b→Λπ+π−

No bias was found in pull distributions

Terms:

Red:  signal (DCB funct ion)

Blue: combine background (exponent ial funct ion)

Blue: part ially reconstructed background 

Pink: cross-feed background (DCB funct ion)

Parameters given in the Appendix of note

Fit results of  , DD channelΛ0
b→Λπ+π−

Not in our note yet

  yieldsΛ0
b

  yieldsΞ0
b
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1.8% 1.5%(~0.1%) 2.4%𝜎𝑠𝑦𝑠 ≈ ≈

𝑨𝑪𝑷
𝐏𝐡𝐲

= +𝑨𝑪𝑷
𝐑𝐚𝐰. − 𝑨𝐩𝐫𝐨𝐝. −𝑨𝐝𝐞𝐭.

𝐴𝑝𝑟𝑜𝑑=
𝜎𝑃(𝛬𝑏

0)−𝜎𝑃(ഥ𝛬𝑏
0)

𝜎𝑃 𝛬𝑏
0 +𝜎𝑃(ഥ𝛬𝑏

0)
, Production asymmetry

𝐴𝑒𝑥𝑝=
𝜖𝑒𝑥𝑝(𝑓)−𝜖𝑒𝑥𝑝

ҧ𝑓

𝜖𝑒𝑥𝑝 𝑓 +𝜖𝑒𝑥𝑝
ҧ𝑓
, Experimental efficiency asymmetry

𝐴𝐶𝑃
Phy

=
Γ 𝛬𝑏→𝑓 −Γ ഥ𝛬𝑏→ ҧ𝑓

Γ 𝛬𝑏→𝑓 +Γ ഥ𝛬𝑏→ ҧ𝑓
, Physical CP asymmetry

[arxiv:1807.06544]

[arxiv:1807.06544]

Corrections
𝑨𝑪𝑷  measurements
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𝚫𝑨𝑪𝑷  measurements

➢ Δ𝐴𝐶𝑃
Phy

= 𝐴Signal 𝛬𝑏
0 → 𝛬ℎ+ℎ′− − 𝑨𝐂𝐨𝐧𝐭𝐫𝐨𝐥 𝜦𝒃

𝟎 → 𝜦𝒄
+ 𝜦𝝅+ 𝝅−

= Δ𝐴𝐶𝑃
Raw ≡ 𝐴Signal

Raw − 𝐴Control
Raw − Δ𝐴prod. − Δ𝐴exp.

• No CPV in control mode 𝛬𝑏
0 → 𝛬𝑐

+ 𝛬𝜋+ 𝜋−:

Δ𝐴𝐶𝑃
Phy

≡ 𝐴𝐶𝑃,Signal
Phy

• Δ𝐴prod., Δ𝐴exp. helps to reduce systematic uncertainties

similar topology



Results and conclusion
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Δ𝒜𝐶𝑃 𝛬𝑏
0 → 𝛬𝐾+𝐾− = 0.083 ± 0.023 ± 0.016

17

Global 𝚫𝑨𝑪𝑷 measurements

Significance: 3.1𝜎

➢ First evidence for CP violation in 𝜦𝒃
𝟎 → 𝜦𝑲+𝑲− decays until publishment

Significance: 2.2𝜎

Significance: 0.3𝜎
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Source of CP asymmetries

Main source

𝜦𝐛
𝟎 → 𝑵∗+ → 𝜦𝑲+ 𝑲− region

𝜦𝒃
𝟎 → 𝜦𝝓/𝒇(𝟏𝟓𝟎𝟎)(→ 𝑲+𝑲−) region

Δ𝒜CP = 0.165 ± 0.048 ± 0.017 (3.2𝜎)

Δ𝒜CP = 0.150 ± 0.055 ± 0.021(2.5𝜎)
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Results for Branching Fractions

𝛬𝑏
0 → 𝛬𝜋+𝜋− 𝛬𝑏

0 → 𝛬𝐾+𝜋− 𝛬𝑏
0 → 𝛬𝐾+𝐾− 𝛯𝑏

0 → 𝛬𝜋+𝜋− 𝛯𝑏
0 → 𝛬𝐾−𝜋+ 𝛯𝑏

0 → 𝛬𝐾+𝐾−

First observation First observation of 𝛯𝑏
0

charmless three body decays
First evidence
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Conclusion

• First evidence for CP violation in 𝚲𝒃
𝟎 → 𝚲𝑲+𝑲− decay mode, 

which mainly origins in the 𝑵∗+ region.  

• First observation for charmless three body 𝜩𝒃
𝟎 decay 

𝜩𝒃
𝟎 → 𝜦𝝅+𝑲−and First observation of 𝜦𝒃

𝟎 → 𝜦𝝅+𝝅− decay mode.

• One solid step towards establishment of CP violation in baryons
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Outlook: Stories ahead

First observation baryon CP 
violation in 𝚲𝒃

𝟎 → 𝒑𝑲𝝅+𝝅−

What’s coming next?

• More data with Run3/4/5…

• New questions will be raised
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Discussion

CP violation ~10%
expected in specific 
phase space.

[CPC.48.101001]

𝜦𝐛
𝟎 → 𝑵∗+ → 𝜦𝑲+ 𝑲− region

Δ𝒜CP = 0.165 ± 0.048 ± 0.017 (3.2𝜎)
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Discussion

• Pinning down CPV sources in Λ𝑏 → 𝑁∗ → Λ𝐾+ 𝐾−

➢ Amplitude analysis

• Entangled 𝑁∗+ contributions: scattering data?

Mass & width illustrations (from PDG)

𝜸𝒑 → 𝚲𝐊+ scattering process

𝝅−𝒑 → 𝚲𝐊𝟎 scattering process



Thanks for your attention!
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Back up
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Source of CP asymmetries (Continue)

𝜦𝒃
𝟎 → 𝜦𝒇𝟐/𝒇𝟎 → 𝝅+𝝅− region

𝜦𝒃
𝟎 → 𝑵∗+(→ 𝜦𝑲+)𝝅− region

Δ𝒜CP = −0.078 ± 0.051 ± 0.027 (1.4𝜎)
Δ𝒜CP = 0.088 ± 0.069 ± 0.021(1.2𝜎)

Small contribution from 𝜦𝒃
𝟎 → 𝜦𝑲∗
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Matter and antimatter asymmetries

• Visible world dominated by matter

• Cosmic Microwave Background indicate large matter-antimatter asymmetry in 
universe

After inflation
Matter = antimatter

Today
Matter dominated

Sakharov conditions: CP violation required
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Motivations (Experimental)

𝛬𝑏
0 → 𝛬𝐾+𝐾−

𝛬𝑏
0 → 𝛬𝐾+𝜋−

𝛬𝑏
0 → 𝛬𝜋+𝜋−

CP asymmetries in charmless b baryon decays

b baryon decays: 𝜦𝒃
𝟎 → 𝜦𝒉+𝒉′− b meson decays: 𝑩+ → 𝒉+𝒉+𝒉−

Significant CP asymmetries observed in 
localized bins
[LHCb, PRL 123.231802] ?

Great opportunity for CPV
in baryon decays



𝐴𝐶𝑃 in adaptive binning scheme

2D adaptive Binning on Dalitz plot (m(ℎ+ℎ−) vs. m(Λ ℎ+)) based on signal numbers 

Number of bins (200 events per bin) 

Λ𝑏
0 → Λ𝐾+𝐾−  :10

Λ𝑏
0 → Λ𝐾+𝜋−  :4

Λ𝑏
0 → Λ𝜋+𝜋−  :4

Demonstration of Binning Scheme 

𝐴𝐶𝑃 results in adaptive binning scheme

29

only measures in 

three Λ𝑏
0 decays No significant CP 

asymmetries observed



Selection: Preselection and mass vetoes

30

← Add veto cuts on states

Mass vetoes

• Narrow resonances: 𝐾S
0 , 𝐷0, 𝛬𝑐

+ , 𝛯𝑐
+ , 𝐽/𝜓 and 𝜒𝑐

0

𝑚 𝜋+𝜋− of 𝛬𝑏
0 → 𝛬𝜋+𝜋− before mass veto

𝑚 𝜋+𝜋− MeV/𝑐2

𝐷0 → 𝜋+𝜋−
𝐽/𝛹 → 𝜋+𝜋− 𝜒𝑐

0 → 𝜋+𝜋−



Signal extraction

Signal Model
• Sum of two Crystal Ball functions

• Parameters extracted from MC (except mean and width)

• Mean and width shared among all decays

Mis-ID background 
• Sum of two Crystal Ball functions

• Parameters extracted from MC

• Ratio of Signal and mis-ID fixed

Partially reconstructed background
• Argus convolved gaussian

• Parameters extracted from MC

Combinatorial background
• Parameters shared among all decays

Fit model: Simultaneous fit applied



Fit results

𝛬𝑏
0 decays ~ 1000 events

𝛯𝑏
0 decays ~ 100 events

Yields and significance: 

(using Wilks’ theorem)

32

𝛯𝑏
0 → 𝛬𝜋+𝐾−

𝛬𝑏
0 → 𝛬𝜋+𝜋−

𝛬𝑏
0 → 𝛬𝐾+𝐾−

𝛬𝑏
0 → 𝛬𝐾+𝜋−

𝛯𝑏
0 → 𝛬𝜋+𝜋−

𝛯𝑏
0 → 𝛬𝐾+𝐾−

Channel Yield Significance

6.4 ± 0.4 × 102

6.18 ± 0.32 × 102

1.92 ± 0.05 × 103

5.6 ± 2.7 × 101

1.19 ± 0.15 × 102

1.2 ± 0.9 × 101

> 10𝜎, first obs.

> 10𝜎

first evidence

first obs.

> 10𝜎



Efficiencies

Total efficiency is calculated with:

Efficiency measurements:

• corrections on 𝛬𝑏
0 𝑝𝑇, 𝜂 (𝑦) variables

33

• PID efficiency:

further simulated with recalibrated MC 

(Data-driven)

• Efficiency evaluated in bins of Dalitz plot, 

perform per-event efficiency corrections

𝜔𝑖: sweight of data

Based on simulation samples
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CPV observable

𝐴𝐶𝑃
phy

≡
Γ 𝛬𝑏→𝑓 −Γ ഥ𝛬𝑏→ ҧ𝑓

Γ 𝛬𝑏→𝑓 +Γ ഥ𝛬𝑏→ ҧ𝑓
⇒

𝑁 𝛬𝑏→𝑓 −𝑁 ഥ𝛬𝑏→ ҧ𝑓

𝑁 𝛬𝑏→𝑓 +𝑁 ഥ𝛬𝑏→ ҧ𝑓
≡ 𝐴𝐶𝑃

raw

Experimental effects

Production asymmetry Detection asymmetry
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Measurements of 𝑨𝑪𝑷

p-p collision
𝛬𝑏

0 production: 𝑵𝐩𝐫𝐨𝐝
+ ×

ҧ𝛬𝑏
0 production: 𝑵𝐩𝐫𝐨𝐝

− ×

𝛬𝑏
0decay → Λℎ+ℎ′−: Τ𝚪+ 𝚪𝐭𝐨𝐭 ×

ҧ𝛬𝑏
0decay → Λℎ+ℎ′−: Τ𝚪− 𝚪𝐭𝐨𝐭 ×

×

Detection Λℎ+ℎ′−: 𝝐𝐞𝐱𝐩
+ = 𝑵𝒔𝒊𝒈

+ (𝛬𝑏
0)

Detection Λℎ+ℎ′− ∶ 𝝐𝐞𝐱𝐩
− = 𝑵𝒔𝒊𝒈

−  ( ҧ𝛬𝑏
0)

𝐴prod + 𝐴𝐶𝑃 + 𝐴exp ≈ 𝐴raw

𝐴prod=
𝑁prod

+ −𝑁prod
−

𝑁prod
+ +𝑁prod

− 𝑨𝑪𝑷 =
Τ𝚪+ 𝚪𝐭𝐨𝐭− Τ𝚪− 𝚪𝐭𝐨𝐭

Τ𝚪+ 𝚪𝐭𝐨𝐭+ Τ𝚪− 𝚪𝐭𝐨𝐭
𝐴exp  =

𝜖exp
+ −𝜖exp

−

𝜖exp
+ +𝜖exp

− 𝐴sig=
𝑁sig

+ −𝑁sig
−

𝑁sig 
+ +𝑁sig

−

1.8% 1.5%(~0.1%) 2.4%𝜎𝑠𝑦𝑠 ≈ ≈

𝑨𝑪𝑷 = +𝑨𝒔𝒊𝒈. − A𝒑𝒓𝒐𝒅. −𝑨𝒆𝒙𝒑.

Larger/close to statistical 
uncertainties
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Motivation

• No observation in 𝛬𝑏
0 two-body decays

• Three (or more) body decays may provide more insight:

• Phase-space dependent strong-phase & resonant contributions

• LHCb has explored:

• 𝛬𝑏 → 𝑝𝐷0𝐾−, 𝑝𝐾𝑆
0𝜋− … direct CPV

• 𝛯𝑏 → 𝑝𝐾−𝐾− amplitude analysis

• 𝛬𝑏 → 𝛬𝑐(→ Λℎ+)ℎ−decay parameters
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• Phase-space dependent strong-phase & resonant contributions

• LHCb has explored:

• 𝛬𝑏 → 𝑝𝐷0𝐾−, 𝑝𝐾𝑆
0𝜋− … direct CPV

• 𝛯𝑏 → 𝑝𝐾−𝐾− amplitude analysis

• 𝛬𝑏 → 𝛬𝑐(→ Λℎ+)ℎ−decay parameters
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