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Unsolved physics problems

• Fundamental force, gravity

• Dark matter and energy

• Neutrino mass and oscillations

• Quark generation

• Matter-antimatter asymmetry

• …….
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Matter-antimatter asymmetry

• Observed asymmetry • Sakharov conditions

𝜼 = 𝒏𝑩 − 𝒏"𝑩 /𝒏𝜸~𝟔×𝟏𝟎$𝟏𝟎PDG 2025

https://pdgweb.lbl.gov/2025/reviews/rpp2025-rev-bbang-nucleosynthesis.pdf
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CP violation

• Particle and antiparticle follow different laws

Charge conjugation

Prediction of antimatter
𝑖𝜕!𝛾! −𝑚 𝜓 = 0

Parity Charge-parity

Parity violation 
60Co → 60Ni + 𝛽 + 𝜐̅"

Charge-Parity violation 
𝐾#$ → 𝜋% + 𝜋&

Slide from Yanxi Zhang

1928 1957 1964
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CP violation in the Standard Model

• Cabibbo-Kobayashi-Maskawa (CKM)

mechanism
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CKM matrix

• Unitary matrix

ü ∑' 𝑉'(𝑉()∗ = 𝛿() , e.g.	 𝑉+, - + 𝑉+. - + 𝑉+/ - = 1

ü ∑( 𝑉'(𝑉()∗ = 𝛿') , e.g.	𝑉+,𝑉+/∗ + 𝑉0,𝑉0/∗ + 𝑉1,𝑉1/∗ = 0

• Clear hierarchy in magnitudes

• Only source of CP violation in SM

• 𝜂 in SM ~ 𝟏𝟎=𝟏𝟕≪ 𝟏𝟎=𝟏𝟎

New source of CPV is to 
be discovered!

Wolfenstein parameterization, 𝜆 = 0.225
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CKM matrix

• Test of unitary (PDG 2025)

ü 𝑉+, - + 𝑉+. - + 𝑉+/ - = 0.9984 ± 0.0007

ü 𝑉0, - + 𝑉0. - + 𝑉0/ - = 1.001 ± 0.012

ü 𝛼 + 𝛽 + 𝛾 = 172 ± 5 °

Rigorously tested in the past 
decades!
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Types of CP violation

• Direct CPV in decay

• Indirect CPV in interference 
between mixing and decay

• Induced CPV in mixing
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Large Hadron Collider

CMS

LHCb
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LHCb detecor

• Designed for beauty & charm physics, 2 < 𝜂 < 5

• Excellent tracking system and particle identification
ü momentum resolution, δ𝑝/𝑝 ~ 0.5%

ü precise vertex reconstruction, δ 𝐼𝑃3 ~ 35 𝜇𝑚

ü reconstruction efficiency, ~ 96% for long tracks

ü PID efficiency, 𝜖 𝜇 ~ 97%, 𝜖 𝐾 ~ 95%

ü misID probability π → 𝐾 ~5%

ü time resolution, ~ 45 fs

JINST 3 (2008) S08005
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LHCb data

• Recorded data for analysis
ü Run 1 (2011-2012), 𝑠 = 7, 8 TeV, 3 Yb&4

ü Run 2 (2015-2018), 𝑠 = 13 TeV, 6 Yb&4

ü Run 3 (2024-2026), 𝑠 = 13.6 TeV

• Production cross section
ü 𝜎 𝑝𝑝 → 𝑏]𝑏 ~ 72 𝜇b at 7 TeV

ü 𝜎 𝑝𝑝 → 𝑏]𝑏 ~ 144 𝜇b @13 TeV
Phys.Rev.Lett. 118 (2017) 5

Large data sample for 𝑏 physics
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• Hadronic spectrum

• Lepton universality
• Electroweak
• ……

LHCb physics

• CP violation

• Rare decays

𝛯##$ → 𝛬#$𝐾%𝜋$
arxiv:2603.28456

𝐵(')
) → 𝜇$𝜇%

PhysRevLett.118.191801

Abundant physics at LHCb

Λ*) → 𝑝𝐾$𝜋$ 𝜋%
Nature 643 (2025) 8074
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Direct CP violation

• CPV from the interference between at least two decay paths

Weak phase differenceStrong phase difference

penguin
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Direct CP violation

• Measurement of 𝐴ab in 𝐵c → 𝐽/𝜓𝜋c decays [Phys. Rev. Lett. 134 (2025) 101801]

• Measurement of 𝐴ab in 𝐵c → 𝜌d𝐾∗c decays [Phys.Rev.Lett. 136 (2026) 2, 021803]

• Measurement of 𝐴ab in𝛬fd/Ξfd → Λℎcℎg= decays [Phys.Rev.Lett. 134 (2025) 10, 101802]

• Measurement of 𝐴ab in 𝛬fd → 𝑝𝐾c𝜋c 𝜋= decays [Nature 643 (2025) 8074]

𝐴ab = 𝐴hij − 𝐴khlm − 𝐴mno
𝐴hij = 𝒏𝑩 − 𝒏q𝑩 / 𝒏𝑩 + 𝒏q𝑩

𝐴mno = 𝐴ohrssnh + 𝐴ohitu + 𝐴vwx +⋯
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Measurement of 𝐴!" in 𝐵# → 𝐽/𝜓𝜋# decays

• Expected CPV at 𝒪(1%) for 𝐽/𝜓𝜋c and negligible CPV for 𝐽/𝜓𝐾c

[PRD 49 (1994) 5904, PRD 52 (1995) 242] 

• Ideal decay to search for direct CPV in b decays to charmonium

∆𝐴ab = 𝐴!"
#/%& −𝐴ab

yz{ = 𝐴012
3/56 − 𝐴012

3/57 − 𝐴89:
3/56 − 𝐴89:

3/57
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Measurement of 𝐴!" in 𝐵# → 𝐽/𝜓𝜋# decays

• Measured results

∆𝐴!" = (1.29 ± 0.49 ± 0.08)×10$; (Run 2)

∆𝐴!" = (1.42 ± 0.43 ± 0.08)×10$; (Run 1+2)

1st evidence (3.2𝝈) for direct CPV 
in the beauty decays to charmonium 

final states.
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Measurement of 𝐴!" in 𝐵# → 𝜌$𝐾∗# decays

• Longitudinal polarization fraction in 𝐵 → 𝑉𝑉 decays

• 𝑓|~1 in SM,  measured to be 10% to almost 100% across different decays

𝑓| ≡ 𝐴d }/( 𝐴d } + 𝐴~ } + 𝐴∥
}
)
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Measurement of 𝐴!" in 𝐵# → 𝜌$𝐾∗# decays

• Separate different resonances by an amplitude analysis

Run 1+2
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Measurement of 𝐴!" in 𝐵# → 𝜌$𝐾∗# decays

• First observation of CPV, exceeding 9𝜎

• Help to shed light on the polarization puzzle

𝐴!" = 0.507 ± 0.062 ± 0.024, 𝑓' = 0.720 ± 0.028 ± 0.09

Run 1+2
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A long list of searches in 𝑏 baryons at LHCb

• Help to understand the 

dynamics of weak in the 

baryon decays

• Provide a better picture 

of CPV originating from 

quark transitions

Credit : Shanzhen Chen
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Measurement of 𝐴!" in 𝛬&$/Ξ&$ → Λℎ#ℎ'( decays

• Large CPV up to 75% is observed in 𝐵 → ℎcℎg=ℎggc (ℎ = 𝐾, 𝜋) decays

• Interesting to search CPV in 𝛬fd/Ξfd → Λℎcℎg= decays

• Use 𝛬fd → Λ�c(Λ𝜋c)𝜋= decays as the control channel

PhysRevLett.124.031801

𝐵 → 𝜋(𝜋)𝜋(
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Measurement of 𝐴!" in 𝛬&$/Ξ&$ → Λℎ#ℎ'( decays

• First evidence of CPV in 𝛬fd → Λ𝐾c𝐾= decays, 3.1𝜎

Run 1+2
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Measurement of 𝐴!" in 𝛬&$/Ξ&$ → Λℎ#ℎ'( decays

• First evidence of CPV in 𝛬fd → 𝑁∗c𝐾= decays, 3.2𝜎

∆𝐴ab = 0.165 ± 0.048 ± 0.017

𝛬fd → 𝑁∗c𝐾=
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Measurement of 𝐴!" in 𝛬&$ → 𝑝𝐾#𝜋# 𝜋( decays

• First observation of CPV in baryon, a milestone in CPV

𝐴ab = 2.45 ± 0.46 ± 0.017 %, 5.2 𝜎

Run 1+2



26

Measurement of 𝐴!" in 𝛬&$ → 𝑝𝐾#𝜋# 𝜋( decays

• CPV in local phase-space regions

6𝝈
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𝐵),+$ − 1𝐵),+$ mixing

• Q|𝐵|,�d = 𝑝 Q|𝐵�,�d ± 𝑞 Q| T𝐵�,�d , 𝑝 & 𝑞 ∈ ℂ with 𝑝 } + 𝑞 } = 1
• Abundant physics ∆𝑚�,�= 𝑚� −𝑚|, 𝜏, ∆Γ�,�= Γ| − Γ�

NP?

NP?

d
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CKM angles 𝛽(+)
• CPV phases from the interference between mixing and decay
• Related to 𝐵�,�d normalised triangles

𝜙�

−𝜙�

𝜙�

CPV phase 𝜙< = 𝜙= − 2𝜙> 𝝓𝒅 = 𝟐𝜷 = 𝟐𝐚𝐫𝐠(
𝑽𝒕𝒅𝑽𝒕𝒃∗

𝑽𝒄𝒃𝑽𝒄𝒃∗
) 𝝓𝒔 = −𝟐𝜷𝒔 = 𝟐𝐚𝐫𝐠(

𝑽𝒕𝒔𝑽𝒕𝒃∗

𝑽𝒄𝒔𝑽𝒄𝒃∗
)
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CKM angles 𝛽(+)

• Accessed by tree dominated transition 𝑏 ⟶ 𝑐 ̅𝑐𝑠, e.g. 𝐵d → 𝐽/𝜓𝐾�d & 𝐵�d → 𝐽/𝜓𝜙

• Measured 𝜙� = 𝜙�ohnn + ∆𝜙�
kn�s�r� + ∆𝜙��v

• Stringent test of SM and sensitive to New Physics in mixing
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Time-dependent Decay rate

• It is all about 𝜆� =
�
�
�̅!
�!

, 𝜙� = −arg(𝜆�)

ü 𝑞 & 𝑝, mixing parameters; 𝐴5 & 𝐴̅5 , decay amplitudes; 𝜂5, CP eigenstate value

ü Γ6, decay width; ΔΓ6, decay width difference; Δ𝑚6, oscillation frequency

Γ 𝐵+) 𝑡 → 𝑓 ≡ 𝐴,
- 1 + 𝜆,

- 𝑒%.!/ cosh
ΔΓ+𝑡
2

+ 𝑨𝜟. sinh
ΔΓ+𝑡
2

+ 𝑪 cos Δ𝑚+𝑡 − 𝑺 sin Δ𝑚+𝑡

Γ U𝐵+) 𝑡 → 𝑓 ≡
𝑝
𝑞

-
𝐴,

-
1 + 𝜆,

-
𝑒%.!/ cosh

ΔΓ+𝑡
2 + 𝑨𝜟. sinh

ΔΓ+𝑡
2 − 𝑪 cos Δ𝑚+𝑡 + 𝑺 sin Δ𝑚+𝑡

𝑨𝜟𝜞 = -ℛℯ(<!)

4% <!
" , 𝑪 =

4& <!
"

4% <!
" (Direct), 𝑺 =

-ℐ𝓂 <!
4% <!

" (Interf. )

⟹ 𝐴!" 𝑡 =
Γ0112→3 𝑡 − Γ112→3 𝑡

Γ0112→3 𝑡 + Γ112→3 𝑡
≅ 𝜂3sin(𝜙4) sin Δ𝑚4𝑡
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Experimental measurement

It is all about 𝜆� =
�
�
�̅!
�!

, 𝜙� = −arg(𝜆�)
ü 𝑞 & 𝑝, mixing parameters
ü 𝐴3 & 𝐴̅3 , decay amplitudes
ü 𝜂3, CP eigenstate value

Slide from Peilian Li
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Time-dependent CP violation

• Measurement of 𝑠𝑖𝑛 2𝛽 in 𝐵d → 𝜓𝐾�d decays [Phys. Rev. Lett. 132 (2024) 021801 ]

• Measurement of 𝜙� in 𝐵�d → 𝐽/𝜓𝜙 decays [Phys. Rev. Lett. 132 (2024) 051802]

• Measurement of 𝜙� in 𝐵�d → 𝐽/𝜓𝜋c𝜋=decays [Physics Letters B 797 (2019) 134789]

• Measurement of CPV in 𝐵d → 𝐽/𝜓𝜋c𝜋= decays [arXiv:2601.15646]

• Measurement of 𝜙� in 𝐵�d → 𝜙𝜙 decays [Phys. Rev. Lett. 131 (2023) 171802]
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Measurement of sin 2𝛽 in 𝐵$ → 𝜓𝐾.$ decays

• Precise prediction sin 2𝛽ohnn = 0.7155=d.dd��cd.dd�  [CKM fitter] 

• Golden channel to measure sin 2𝛽 = sin(2𝛽ohnn + ∆𝜙�
kn�s�r� + ∆𝜙��v)

• Previous average sin 2𝛽 = 0.699 ± 0.017 [HFLAV 2021]

Dominated by Belle Update with 3 channels

LHCb
Run 1

Belle
Run 2
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Measurement of sin 2𝛽 in 𝐵$ → 𝜓𝐾.$ decays

• Consistent with SM results and 1st time to dominate this measurement

sin 2𝛽 = 0.717 ± 0.013 ± 0.008 (Run 2) 
sin 2𝛽 = 0.724 ± 0.014 (Run 1+2)

sin 2𝛽
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Measurement of 𝜙+ in 𝐵+$ → 𝐽/𝜓𝜙 decays

• Precise prediction for 𝑏 ⟶ 𝑐 ̅𝑐𝑠 decays, 𝜙�ohnn = −37.0=d.¡cd.¢ mrad [CKM fitter]

• Golden channel to measure 𝜙� = 𝜙�ohnn + ∆𝜙�
kn�s�r� + ∆𝜙��v

• Previous average 𝜙�� ̅�� = −50 ± 19 mrad [HFLAV 2021]

2015+2016
Eur. Phys. J. C 
(2019) 79:706



36

Measurement of 𝜙+ in 𝐵+$ → 𝐽/𝜓𝜙 decays

ü Most precise measurement

ü Consistent with SM

ü No CPV observed

𝜙5
#/%6 = −39 ± 22 ± 6 mrad

∆Γ5
@/BC = 0.085 ± 0.004 ± 0.002 ps)7Run 2
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Measurement of 𝜙+ in 𝐵+$ → 𝐽/𝜓𝜋#𝜋(decays

• Second good choice to measure 𝜙�

• Contributions in the 𝜋c𝜋= mass spectrum need to be separated 

𝜙5
#/%&3&4 = 75 ± 65 ± 14 mrad (2015+2016)

2015+2016
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World average 𝜙+

HFLAV 2024

HFLAV 2024

• 𝜙58 ̅85 = −52 ± 13 mrad

• 𝜙5
#/%6 = −60 ± 14 mrad

• 1st evidence for CPV

https://hflav-eos.web.cern.ch/hflav-eos/osc/HFLAV_2024/
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CPV study in 𝐵$ → 𝐽/𝜓𝜋#𝜋( decays

• Average 𝜙�
y/z£ = −60 ± 14 mrad, neglected ∆𝜙� at 𝒪 10 mrad [PhysRevLett.115.061802] 

• Primary control channel 𝐵d → 𝐽/𝜓𝜌d(770) decay

• Enhanced penguin contributions in 𝐵d → 𝐽/𝜓𝜌d(770) relative to 𝐵d → 𝐽/𝜓𝐾�d

𝐵$

Run 2
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CPV study in 𝐵$ → 𝐽/𝜓𝜋#𝜋( decays

• Estimate Δ𝜙� assuming SU(3) flavour symmetry

ü assume identical penguin parameters 𝑎D𝑒'E# in 𝐵$ → 𝐽/𝜓𝜌$ and 𝑎𝑒'E in 𝐵.$ → 𝐽/𝜓𝜙

ü [𝛾, ϵ] from PDG, 𝜆 and 2𝛽FGG from this analysis 

ü 2𝛽 from 𝐵$ → 𝐽/𝜓𝐾.$ Run 2 analysis [Phys. Rev. Lett. 132 (2024) 021801] 

∆𝜙W = 0.9 ± 9.8 mrad in Run 1 
[Phys. Lett. B742 (2015) 38]

Run 3 analysis is ongoing, particularly important to improve ∆𝜙W precision
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CPV study in 𝐵$ → 𝐽/𝜓𝜋#𝜋( decays

• Most precise estimate of ∆𝜙O
2𝛽:33 = 0.710 ± 0.084 ± 0.051 rad, 𝜆 = 1.019 ± 0.034 ± 0.024 (Run 2)

2𝛽:33 = 0.718 ± 0.088 rad, 𝜆 = 1.033 ± 0.035 (Run 1+2)

∆𝜙� = 5.0 ± 4.6 mrad << 𝜙� uncertainty of 14 mrad
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Measurement of 𝜙+ in 𝐵+$ → 𝜙𝜙 decays

• Penguin-dominated decay via 𝑏 ⟶ 𝑠𝑠̅𝑠
• Sensitive probe to NP in mixing and decay
• Cancellation of mixing and decay weak phases 

𝜙555̅5 = arg −
𝑉;5𝑉;<∗

𝑉;<𝑉;5∗
𝑉;<𝑉;5∗

𝑉;5𝑉;<∗
~0

Run 2
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Measurement of 𝜙+ in 𝐵+$ → 𝜙𝜙 decays

ü Most precise measurement

ü Consistent with SM

ü No CPV observed

𝜙555̅5 = −42 ± 75 ± 9 mrad (Run 2)  

𝜙555̅5 = −74 ± 69 mrad (Run 1+2)
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Prospects

• Target to record 300 mb=� at the end of Run 5

Expectation with 300 Vb)7
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A brief history of CP violation

2025

Observation of CPV 
in Λ$% decays
LHCb collaboration
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Summary

• CPV studies are important to understand matter-antimatter asymmetry

• LHCb experiment is an ideal platform to study CPV

• Huge efforts in the last decades, no physics beyond SM is observed

Stay tuned for Run 3 results!
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Backup
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LHCb detector
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CKM fitter 2025
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Measurement of 𝐴!" in 𝛬&$ → 𝑝𝐾#𝜋# 𝜋( decays
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Oscillation frequency

Nat. Phys. 18(2022)1-5 PhysRevD.107.L091102
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CPV in neutral B mesons

• CPV of interference between mixing and decay
• Abundant physics 𝜙� = −2𝛽�, 𝜙� = 2𝛽, ∆𝑚�, Γ�, ∆Γ�…
• Stringent test of SM and sensitive to New Physics in mixing

𝜙�

−𝜙�

𝜙�
NP? NP?

CPV phase 𝜙� = 𝜙� − 2𝜙�
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Control of penguin contribution

Eur.Phys.J.C 86 (2026) 3, 215
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Propects

CERN-LHCC-2024-010
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Propects

Slide from Peilian Li


