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Display of simulated 
𝜩!"𝜩" → 𝜦𝝅!"𝜦𝝅" → 𝒑𝝅!𝝅!"𝒑𝝅" 𝝅"



Sakharov’s three criteria *

1) Baryon number violation

2) Charge, C, and combined with Parity, P, violating processes

3) Departure from thermal equilibrium
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No quantitative understanding of what happened to the missing anti-symmetry

The dynamical mechanism, baryogenesis, not understood

CP violation is subtle effect requiring precision studies of many particle physics processes using
complementary methods

*A. D. Sakharov, J. Exp. Theor. Phys. Lett. 5, 24

Matter - Antimatter Asymmetry andBaryogenesis
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CPV only confirmed in meson systems. No CP violation detected for baryons 

Additional degree of freedom for baryons compared to mesons : spin

Studying baryons provides a complementary path to understanding CP symmetry
spare slide for example

e-

Spinning baryons

Schematic of strange – anti-strange baryon pair at BESIII
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Polarization of hyperons experimentally accessible in 
weak parity violating decays 

They are self analysing: daughter particles are 
emitted according to polarization of mother hyperon 

Asymmetry parameter 
CP-observable Polarization

𝑰 𝐜𝐨𝐬𝜽𝑩 ∝ 𝟏 + 𝜶 𝑷𝐘 𝒄𝒐𝒔𝜽𝑩

Example: Angular distribution of 𝚲 → 𝒑𝝅!

Asymmetry parameters and Polarization

𝜽𝑩
𝜽𝑩
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Asymmetry parameters and Polarization

Asymmetry parameters give relationship of 
S (parity violating) and P (parity conserving) amplitudes 

−𝟏 ≤ 𝜶 ≤ 𝟏
−𝝅 ≤ 𝝓 ≤ 𝝅

𝜹 strong baryon pion phase shift at cm energy of Y mass

𝝃 weak CP-odd phase for ΔΙ = 1/2

𝜽𝑩
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CP and weak phase difference

𝚫𝛟𝑪𝑷 =
𝝓𝜩$%𝝓𝜩

𝟐
≈ cos 𝝓𝜩

("

)*("
#
tan(𝜉+−𝜉,)- ∗

* Phys. Rev Lett 55 162 (1985)

𝑨𝑪𝑷𝜩 = 𝜶𝜩$%𝜶𝜩
𝜶𝜩*%𝜶𝜩

≈	−sin 𝝓𝜩
)*("

#

("
tan(𝜉+−𝜉,)- ∗

𝜟𝝓𝑪𝑷 more sensitive to CP-violating effects cf 𝑨𝑪𝑷𝜩 * 

weak phase diff - potentially CPVstrong contribution 𝝓𝜩 ≈ 0

𝜩. → 𝜦𝝅., 𝜦 → 𝒑𝝅.
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BEPC II and BESIII

Aerial view of BEPC II and BESIII

• e+e- collider in CMS range 2.0 – 4.95 GeV

• Data taking since 2009, peak luminosity 1033 cm-2s-1

-

LINAC

BEPC II
BESIII

• Multipurpose detector, near 4π coverage 

• Symmetric particle – anti-particle conditions, 

entangled state

• Low hadronic background

• World’s largest charmonia data samples
10B J/ψ, 3B ψ(2S)
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LHCb Run 1 + 2 

General purpose detector forward geometry
SMOG, MoEDAL, CodexB

One of four experiments in LHC ring

At high energies production of the b and anti-b 
highly correlated 

Pseudorapidity range 2 < 𝜼 < 5

Run 1 and Run 2 integrated luminosity 9 fb-1

2011-2018 (Run1: 3fb-1 + Run2: 6fb-1) (2011-12, 2016-2018)

VELO and Hadron PID are excellent, neutrals 
possible, but challenging
VELO  resolution σIP (15 + 29/pT) µm

LHCb detector setup 

https://www.worldscientific.com/doi/epdf/10.1142/S0217751X15300227
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LHCb Run 3

Theseus's Paradox applied to particle 
physics experiment – LHCb Upgrade I

New tracking detectors

VELO strip → pixels; 5 → 3.5 mm to beam 

Software based triggers

Increase of instantaneous luminosity by factor 5

End of Run 3 (4) goal 23 (50)fb-1

2010-2018 (Run1: 3fb-1 + Run2: 6fb-1)

LHCb Run 3 (Upgrade 1)

https://arxiv.org/abs/2305.10515
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LHCb Run 3

LHCb Run 3 (Upgrade 1)
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10
1−2024 (13.6 TeV): 9.56 fb
1−2023 (13.6 TeV): 0.37 fb
1−2022 (13.6 TeV): 0.82 fb

1−2018 (13 TeV): 2.19 fb
1−2017 (13 TeV): 1.71 fb
1−2016 (13 TeV): 1.67 fb

1−2012 (8 TeV): 2.08 fb
1−2011 (7 TeV): 1.11 fb

Status

https://arxiv.org/abs/2305.10515
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BESIII results



Nature 606 64-69 (2022)
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First extraction of weak phase diff 
for any weakly decaying baryon

ξ$ − ξ% = (1.2 ± 3.4 ± 0.8)×10!& rad

Consistent with SM expectation
ξ$ − ξ% 𝑆𝑀 = (1.8 ± 1.5)×10!' rad

New method for direct weak phase extraction!

Two CP-tests in single measurement

*

**

***
***

***

****

* PRD 93, 072003 (2018)
**  PDG 2020
*** Nat. Ph. 15, 631 (2019)
**** PRL 93, 011802 (2004)

**

𝚵!"𝚵" → 𝚲(𝒑𝝅!)𝝅!"𝚲("𝒑𝝅")𝝅"
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𝚵𝟎5𝚵𝟎 → 𝚲(𝒑𝝅.)𝝅𝟎5𝚲(5𝒑𝝅?)𝝅𝟎

• 𝚵𝟎A𝚵𝟎 production and decay parameters 
• with 3.3x105 events (previous determination 

330 events)

• Weak phase difference 𝚵𝟎 → 𝚲𝝅𝟎

• Also results from 𝚺) → 𝒑𝝅𝟎 (see plot)

• Uncertainties improved by future BESIII 
measurements
and next generation e+e- colliders , STCF

[PRD108(2023)L031106] 

Credit Varvara Batozskaya 

and more…

https://inspirehep.net/literature/2660219
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LHCb results
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EPJC 84 (2024) 761

• ”Direct detection” of 𝚵 and potential for charged LLP

• Most analyses utilize long tracks (L), with info from VELO 

• Poor spatial resolution for 𝚵! reconstructed from DDD

• New algorithm implemented, hits from 𝚵! as it passes VELO

• From IP possible to infer if mother particle is charm or beauty

• Increases yields of polarized 𝚵 for CP tests 
70% of 𝚵 from charm decay downstream

LHCb Long-lived particles

L = long D = downstream 

https://link.springer.com/article/10.1140/epjc/s10052-024-12993-2
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o LHCb has collected large 𝚵! samples

o Best sensitivity to CP is obtained from 𝛟 (and A𝛟) but requires
polarized 𝚵! . 

o Charm baryons weak decays polarize 𝚵! and improves sensitivity

o A combination of large Run 3 yields and maximal use of LHCb
detector can further set limits (or discover) CPV in strange baryon
decays

Prospect for strange CP tests LHCb

B.Sc. Thesis Roman Sultanov

https://www.diva-portal.org/smash/get/diva2:1680694/FULLTEXT01.pdf
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Charm CPV

• LHCb discovered charm CPV in 2019

• The Standard Model contribution tiny~10-4

• A good place to search for BSM physics

• Most promising Cabibbo – suppressed 
channels: interference between tree and 
penguin amplitudes

• Charm baryons complementary to D-
meson studies

Δa*+ ≡ 𝑎,-./0 𝐷1 → 𝐾)𝐾! −
𝑎,-./0 𝐷1 → 𝜋)𝜋!
= −15.4 ± 2.9 ×10!'

PRL 108 (2012) 111602

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.211803
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Charm baryon CP tests 

Baryon charm cousin decay, Λ2) consistent with CP symmetry

Λ2) → 𝑝 𝐾)𝐾! (25 k)

Λ2) → 𝑝 𝜋)𝜋!(187 k)

Run 1 data

JHEP03 (2018) 182 

https://arxiv.org/pdf/1712.07051
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Model independent CP tests 𝚵𝒄" → 𝒑𝑲#𝝅"

• Ξ2) → 𝑝 𝐾!𝜋) is CS. Λ2) control mode 
(CF)

• Two model independent CP tests

• Consistent with CP conservation 

• One region show slight asymmetry
R5 : Λ resonances

• To be continued with Run 2 data 

Eur Phys J C80 (2020) 986

200 k events
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LHCb model dependent 𝚲𝒄" → 𝒑𝑲#𝝅"

Phys. Rev. D108 (2023) 012023 

• Charmed three body decays have rich
resonant structure

• 𝚲𝒄* → 𝒑𝑲+𝝅* has many states which
interfer with each other

• Even more information available from 𝚲𝒄*
which comes from a beauty mother

• Amplitude analysis is a pre-requisite for 
CP test

• Roman Sultanov M. Sc. Thesis (UU) 
explores this topic further

𝚲𝒄) → 𝒑𝑲!𝝅)



22

Summary & Outlook

• BESIII and LHCb are both capable of performing CP precision test

• First measurement of weak phase difference for any baryon decay 
BESIII

• LHCb is ramping up its integrated luminosity in Run 3

• Many exciting results are expected from LHCb in the future

Thank you for your attention!
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Strangeness 𝚫𝑺 = 𝟏  mesons 

In strange sector most precise probe is 𝚫𝑺 = 𝟏 direct CPV (𝜀4)  relative to indirect CPV (𝜀) in 𝐾5,7 → 𝜋𝜋 decays

CPV mechanism in SM requires penguin diagrams involving all three quark families

𝜀4/𝜀 89- = 16.6 ± 2.3 ×10!' * 

𝜀4/𝜀 5: = 17.4 ± 6.1 ×10!' + 𝜀4/𝜀 ;5: = −4 − +10 ×10!' **

SM calculation involves partial cancellation of QCD and EW penguins which posed challenge until recently

SM calculation partial cancellation of QCD and EW penguins 

*  Phys. Lett. B544 (2002) 97–112; 0909.2555 [hep-ex]
** Eur. Phys. J. C 80 (2020) 8, 705
*** arXiv: 2203.03035

QCD (left) and EW penguin diagrams (middle, right)***
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Strangeness 𝚫𝑺 = 𝟏  SM + BSM 

*   Phys. Rev. D 67, 056001 (2003) 
** Phys. Rev. D 69, 076008 (2004) 
*** PRD105 (2022) 116022

𝑌 → 𝐵𝜋
Chromomagnetic BSM penguin operators

−3 × 10−5 ≤ 𝐀𝚲 𝐒𝐌	 ≤ 4 × 10−5 *

0.5 × 10−5 ≤ 𝐀𝚵 𝐒𝐌	 ≤ 6 × 10−5 * 
	

BSM

SM

***

***
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LHCb Upgrade II 

Theseus's Paradox again! applied to particle 
physics experiment – LHCb Upgrade II

New tracking detectors

VELO strip → pixels; 5 → 3.5 mm to beam 

Software based triggers

Increase of instantaneous luminosity by factor
50 cf Run 1 and 2

End of Run 4 goal 50fb-1

2010-2018 (Run1: 3fb-1 + Run2: 6fb-1)
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LHCb Upgrade II effect on CKM

As of 2018 (end of Run 3) 23 fb-1 (end of Run 4) 300 fb-1

Precisions with LHCb data and LQCD input alone

https://arxiv.org/pdf/1808.08865
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Charged track coverage |cosθ| < 0.93

Mom. res of charged tracks 0.5% at 1 GeV/c

Neutrals |cosθ| < 0.8 and 0.86 < |cosθ| < 0.92 

Energy resolution 2.5% (5%) at 1 GeV for

barrell (end cap)

ToF can be used together with dE/dx MDC for PID

But for fully charged modes e.g. Λ and Ξ momentum

requirements enough to separate protons from pions

BESIII       Hyperons

BESIII, Nature Physics 15 (2019) 631 



28

Non-leptonic two body decays

Full baryon octet kinematically accessible at J/ψ resonance

From CERN Courier cover July-August 2019

Thresholds:
𝜦A𝜦     2.231 GeV

  𝜮)A𝜮! 2.379 GeV 𝜮𝟎A𝜮𝟎  2.385 GeV        𝜮!A𝜮) 2.395 GeV
  𝜩𝟎A𝜩𝟎  2.630 GeV        𝜩!A𝜩) 2.643 GeV
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BEPC II and BESIII

• Multipurpose detector, excellent resolution, 

near 4π coverage 

• Symmetric particle – anti-particle conditions, 

produced in entangled state

• Low hadronic background

• World’s largest charmonia data samples
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[PRL129(2022)131801] 3.23M A𝚲𝚲

𝜦 → 𝒑𝝅!

𝑱/𝝍 → 𝚲"𝚲 → 𝒑𝝅! "𝒑𝝅"

Polarization necessary for
disentangling 𝜶 and A𝜶
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Based on 3.23M A𝚲𝚲
𝜶(𝜦 → 𝒑𝝅!) 𝚲 = 𝟎. 𝟕𝟓𝟒(𝟏)(𝟐)
𝜶(𝜦 → 𝒑𝝅!) 𝚵 = 𝟎. 𝟕𝟔𝟎(𝟔)(𝟑)

Most precise ACP, Λ

𝜦 → 𝒑𝝅!

0.60 0.65 0.70 0.75 0.80

Æ§

LHCb §b ! J/√§

CLAS ∞p ! K§

BESIII J/√ ! •°•̄+ ! §º°§̄º̄+§

BESIII J/√ ! §§̄§

BESIII J/√ ! §§̄§§

PDG-18

𝑱/𝝍 → 𝚲"𝚲 → 𝒑𝝅! "𝒑𝝅"
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Formalism sequential weak decays

• The formalism polarisation, entanglement and sequential decays * **

* Phys. Rev. D  99, 056008 (2019)
** Phys. Rev. D 100, 114005 (2019)

• Nine-dimensional phase space given by nine helicity angles

• Eight free parameters determined by maximum log likelihood 
method:
α𝝍 , 𝚫𝚽,α𝜩, Aα𝜩 , 𝝓𝜩, A𝝓𝜩,α𝚲, Aα𝚲

not measured before
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First direct determination of all
𝚵!A𝚵) decay parameters

Previous experiments determined
product α𝜩 α𝚲

First measurement of polarization 

* PRD 93, 072003 (2018)
**  PDG 2020
*** Nat. Ph. 15, 631 (2019)
**** PRL 93, 011802 (2004)

*

**

***
***

***

****

**

Independent measurement of
𝚲 decay parameters. Excellent
agreement with previous BESIII
results. Similar precision despite
6x smaller data sample

𝚵!"𝚵" → 𝚲(𝒑𝝅!)𝝅!"𝚲("𝒑𝝅")𝝅"



Nature 606 64-69 (2022)
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*

**

***
***

***

****

* PRD 93, 072003 (2018)
**  PDG 2020
*** Nat. Ph. 15, 631 (2019)
**** PRL 93, 011802 (2004)

**

We obtain the same precision for 
𝜙 as HyperCP with three orders 
of magnitude smaller data 
sample! 

𝝓𝚵,𝐇𝐲𝐩𝐞𝐫𝐂𝐏 = −𝟎. 𝟎𝟒𝟐 ± 𝟎. 𝟎𝟏𝟏 ± 𝟎. 𝟎𝟏𝟏

𝝓𝚵 = 𝟎. 𝟎𝟏𝟔 ± 𝟎. 𝟎𝟏𝟒 ± 𝟎. 𝟎𝟎𝟕

Strong phase measurement compatible with 
SM (1.9±4.9)x10-2 but in tension with HyperCP
2.6σ
PRD 67 056001 (2004)

𝚵!"𝚵" → 𝚲(𝒑𝝅!)𝝅!"𝚲("𝒑𝝅")𝝅"
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HyperCP

HyperCP (Ε871) Fermilab

800 GeV/c proton on fixed target Cu

Best ACP limits obtained so far 

𝑨𝑪𝑷 𝚵𝚲 =
𝜶𝚵𝜶𝚲 + A𝜶𝚵A𝜶𝚲
𝜶𝚵𝜶𝚲 − A𝜶𝚵A𝜶𝚲

= 𝟎. 𝟎 ± 𝟓. 𝟏 ± 𝟒. 𝟕 ×𝟏𝟎!𝟒

𝑨𝑪𝑷 𝚵𝚲 =
𝜶𝚵𝜶𝚲"#𝜶𝚵#𝜶𝚲
𝜶𝚵𝜶𝚲$#𝜶𝚵#𝜶𝚲

= −𝟔. 𝟎 ± 𝟐. 𝟏 ± 𝟐. 𝟎 ×𝟏𝟎$𝟒 ***

*

*PRL 93, 262001 (2004)
** PRD 67, 056001 (2003)
*** NPB, Proc Suppl 187, 208 (2009)

𝑨𝑺𝑴 𝚵𝚲 ≤ 𝟓×𝟏𝟎!𝟓 **

𝝓𝚵,𝐇𝐲𝐩𝐞𝐫𝐂𝐏 = −𝟎. 𝟎𝟒𝟐 ± 𝟎. 𝟎𝟏𝟏 ± 𝟎. 𝟎𝟏𝟏

117M 𝚵 and 41M A𝚵

862M 𝚵 & 230M A𝚵

144M polarized 𝚵 (~5%)
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S𝝉𝐂F: sequential weak decay

arXiv 2203:03035

Using polarized electron beam can greatly enhance sensitivity! 

Spin correlation contributions

Dotted: ST
Solid:    DT

Analytic approximation: dashed dotted
dashed


