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LHCb
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JINST 3 (2008) S08005
IJMPA 30 (2015) 1530022

!𝐵! → 𝐽/𝜓𝐾"!

𝐵# → 𝐷!𝑙𝑋 tagging

ü Excellent vertexing
𝜎!~45 fs

ü Hadron PID
𝜖 𝐾 → 𝐾 , 𝜖 𝑝 → 𝑝 > 90%

ü Momentum resolution
𝛿𝑚"→$%/𝑚" ∼ 0.005

• Dedicated flavor experiment at CERN for 𝑏, 𝑐 hadrons



LHCb data
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• 𝑝𝑝 collisions at 𝑠 = 7, 8, 13, 13.6TeV, ∫ ℒ = 10 .b+,
• All species produced with large rates

𝐵5: 𝐵6: 𝐵76: 𝛬86 ≈ 4: 4: 1: 2

JHEP 05 (2017) 074
PRL 118 (2017) 052002
PRD 100 (2019) 031102(R)

𝜎 𝑝𝑝 → 𝑏-𝑏𝑋, 13 TeV ≈ 0.5 µb

Run 1
Run 2

Run 3…



CP violation in the SM and beyond
• Origin of matter and antimatter asymmetry in Universe
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Matter Anti-matter

Sakharov
Baryon-violation

C and CP violation

Out of thermal equilibrium

Weak phases à CP violation

• CKM mechanism

Mass eigenstates (to Higgs) flavor eigenstates (to EW bosons)

Four independent parameters due to unitarity
3 rotation angles + 1 phase

The only established CPV
source, but insufficient

+𝒪(10$%)



Measurement of direct CP violation
• Interference to probe phases
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Weak phase differenceStrong phase difference

Ø Tree diagrams (𝛾-measurements)

𝐷!

4𝐷!

𝐾/𝜋

𝐾/𝜋

Ø Tree + loop diagrams (CKM, new physics)

𝑉&'∗

𝑉)*∗

𝑉&'

𝑉+'
New physics?

Test CKM mechanism and search for new physics (CP sources)
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(Quasi)Two body decays

Understanding the amplitudes



The 𝐵! → 𝜋"𝜋# decay
• Time dependent asymmetry
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𝐴9: 𝑡 = ;9! <=> ?@A 5B! >CD ?@A
<=>E ?FA/G 5H!

"# >CDE ?FA/G

𝐶, ≡
-$ .!

"

-# .!
" 𝑆, ≡

/01.!
-# .!

" 𝜆, ≡
*
2
4̅!
4!

𝑓 ≡ 𝜋&𝜋'

𝛼 = 𝛼′ + Δ𝛼

𝐵(
𝜋&

𝜋'

Direct CPV Mixing induced CPV

𝜋&

𝐵( 𝜋'

2𝛼M 𝑇 + 𝑃 = arg 𝜆N ≠ 2𝛼(𝑇)

Isospin relation

• Penguin polluting to 𝛼 𝜙G angle measurement

PRL 65 (1990) 3381



CPV in 𝐵! → 𝜋"𝜋# decay
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𝐶5#5$ = −0.311 ± 0.045 ± 0.15

𝑆5#5$ = −0.706 ± 0.042 ± 0.13

𝐶5#5$ = −0.31 ± 0.03
𝑆5#5$ = −0.67 ± 0.03 HFLAV [PRD107(2023)052008]

Time dependent asymmetry

Direct and mixing induced CP violation

JHEP 03 (2021) 075 



CPV in 𝐵$! → 𝐾"𝐾# decay
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JHEP 03 (2021) 075 

Time dependent asymmetry

𝐶O$O% = 0.172 ± 0.031

𝑆O$O% = 0.139 ± 0.032

Direct and mixing induced CP violation
Used to test SU(3) flavor symmetry

LHCb unique



Direct CPV in 𝐵 → 𝐾𝜋 system
• Isospin symmetry and neglecting “sub-leading” diagrams implies
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JHEP 03 (2021) 075 
PRL 126 (2021) 091802

Experiment: Δ𝐴9:OP ≠ 0 at 5.5𝜎, so called “𝐾𝜋” puzzle

• Inputs from LHCb

Δ𝐴9:OP = 𝐴9: 𝐵6 → 𝐾5𝜋; − 𝐴9: 𝐵5 → 𝐾5𝜋6 ≈ 0

𝐾±𝜋∓ 𝐾#𝜋!

Δ𝐴9:OP ≠ 0 at > 8𝜎
𝐴!" 𝐵# → 𝐾#𝜋$ = +0.025 ± 0.015 ± 0.006 ± 0.003
𝐴!" 𝐵$ → 𝐾#𝜋% = −0.0824 ± 0.0033 ± 0.0033

• More complex relation, required combined results from LHCb and BelleII



Direct CPV in 𝐵$! → 𝐾#𝜋"
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JHEP 03 (2021) 075 

Δ ≡ 4%& 8'→:#5$

4%& 8('→:$5#
+ ℬ 8('→:$5#

ℬ 8'→:#5$
<(
<)
= −0.085 ± 0.043

Nonzero at 2𝜎

𝐾±𝜋∓

𝐴9: 𝐵76 → 𝐾;𝜋5 = 0.236 ± 0.013 ± 0.011

𝑏 → 𝑑 decay, large CPV observed

Test the U-spin (𝑑-𝑠) symmetry:

Violation of SU(3) and/or
underestimated contributions ?

…

Reanalysis in Chin.Phys.C 46 (2022) 12

PLB621(2005)126



CPV in quasi 𝐵 → 𝑉(→ 𝑃𝑃)𝑃 decays
• Interference between 𝐵 → 𝑉𝑃 and 𝐵 → 𝑆𝑃

12

ℳ± = 𝑎±R𝑓R 𝑚S=T cos 𝜃 + 𝑎±B𝑓B 𝑚S=T

à

cos 𝜃 =
2𝑚*+,*

- − 𝑚*+,*
-

./0
+ 𝑚*+,*

-
.+1

𝑚*+,*
-

./0
− 𝑚*+,*

-
.+1 𝑉

𝜃

• Extraction of 𝑎±R
G through angle analysis of resonance region

Interference between 𝑆 and 𝑃 waves

𝐴9: 𝐵± → 𝜌 770 6𝐾±
= 0.150 ± 0.021

VF±
V <=> W ∝ 𝑎±R

G
cosG 𝜃 + 2𝑝±BR cos 𝜃 + 𝑝±B May be polluted by higher waves

PRD106(2022)113002

𝐵± → 𝜌 770 (𝐾±

PRD108(2023)012013

Hinted by mass projections



Quasi 𝐵± → 𝑃±𝑉 decays: one diagram dominating
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𝐵± → 𝜌 770 (𝜋±

Mainly tree diagram

𝐴*+ 𝐵± → 𝜌 770 (𝜋±

= − 0.004 ± 0.019

𝐵± → 𝜙𝐾±

Mainly loop diagram

𝐴*+ 𝐵± → 𝜙𝐾±
= 0.004 ± 0.016

Interference of 𝑆 and 𝑃 waves

𝜙 dominating

PRD108(2023)012013
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Quasi 𝐵± → 𝑃±𝑉 decays: one diagram dominating

𝐵± → 𝐾∗ 892 6𝐾±𝐵± → 𝐾∗ 892 6𝜋±

𝐴=> = −0.015 ± 0.024 𝐴=> = 0.007 ± 0.063

PRD108(2023)012013



𝐾 − 𝜋 puzzle for 𝑃𝑃, 𝑉𝑃, 𝑃𝑉 decays
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𝐵 → 𝐾𝜋 𝐵 → 𝐾∗𝜋 𝐵 → 𝐾𝜌 Main diagrams

!𝐵! → 𝐾 ∗ $𝜋 ∗ # −0.0834 ± 0.0032 −0.27 ± 0.04 0.21 ± 0.11 𝑏 → 𝑢!𝑢𝑠, T,P, E

!𝐵! → 4𝐾 ∗ !𝜋(∗)! 0.00 ± 0.13 −0.15 ± 0.13 −0.04 ± 0.20 𝑏 → 𝑞!𝑞𝑠, T,P,C,E

𝐵$ → 4𝐾 ∗ !𝜋(∗)# −0.017 ± 0.016 −0.04 ± 0.09 −0.03 ± 0.15 𝑏 → 𝑑�̅�𝑠,  P

𝐵$ → 𝐾 ∗ $𝜋(∗)! 0.030 ± 0.013 −0.39 ± 0.21 0.37 ± 0.10 𝑏 → 𝑢!𝑢𝑠,  T,P,C,A

PDG

Precision to be improved (LHCb and BelleII)
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Three body decays

𝐵 → ℎ!ℎ"ℎ#

𝐵

𝑅-

𝑅. Phase space
density

Detector 𝑚-/:𝑚-%

Importance of strong phase



CPV in 𝐵± → ℎ&
±ℎ'∓ℎ)

±
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PRD108(2023)012008

𝐵± → 𝐾±𝜋#𝜋$ 𝐵± → 𝐾±𝐾#𝐾$

𝐵± → 𝜋±𝜋#𝜋$ 𝐵± → 𝜋±𝐾#𝐾$

𝐴/0 = +0.011 ± 0.002 ± 0.003 ± 0.003 𝐴/0 = −0.037 ± 0.002 ± 0.002 ± 0.003

𝐴/0 = +0.080 ± 0.004 ± 0.003 ± 0.003 𝐴/0 = −0.114 ± 0.007 ± 0.003 ± 0.003

Global CPV
2.4𝜎 8.5𝜎

14.1𝜎 13.6𝜎



Large localized CPV: patterns
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𝐵± → 𝐾±𝜋&𝜋'

𝐵± → 𝐾±𝐾&𝐾'

𝐵± → 𝜋±𝜋&𝜋'

𝐵± → 𝜋±𝐾&𝐾'

PRD108(2023)012008



Localized CPV: dynamics
• 𝐴fg in 𝜋5𝜋; ⟷𝐾5𝐾; rescattering region
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1 < 𝑚. ℎ&ℎ' 123 < 2.25 GeV2

Sign change

𝐵5 → 𝜋5𝜋5𝜋;

PRD108(2023)012008



Localized CPV: dynamics
• 𝐴9: in charmonium region

Ø Interference of 𝜒+! with 𝑏 → 𝑢!𝑢𝑑 amplitudes
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4 < 𝑚. ℎ&ℎ' 123 < 15 GeV2

4 < 𝑚. ℎ&ℎ' 4564 < 16 GeV2𝐵5 → 𝜋5𝜋5𝜋;

𝜒+!

PRD108(2023)012008



𝐵" → 𝜋"𝜋#𝜋" amplitude analysis
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PRL 124 (2020) 031801
PRD 101 (2020) 012006

Sum of amplitudes:

𝑆-wave

𝑓.(1270)
𝑆-wave

𝑓.(1270)

Low mass region

Components and 𝐴=>(𝑐A)



𝐵" → 𝜋"𝐾#𝐾" amplitude analysis
• large S-wave contribution: modeled by non-resonant

single pole and 𝜋5𝜋; → 𝐾5𝐾; rescattering
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PRL 123 (2019) 231802

Large asymmetry observed in rescattering
region 0.95 < 𝑚O$O% < 1.42 GeV

𝐵5

𝐵;
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Baryonic 𝐵 decays



Charmless baryonic decays
• A few interesting properties

Ø Two-body suppressed compared to 𝐵 → 𝑀𝑀 decays
Ø Threshold enhancement
Ø Forward-backward asymmetry
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ℬ 𝐵5 → dΛ6𝑝 = 2.4;6.m5n.6 ± 0.3 ×10;o

∼ 0.01×ℬ 𝐵 → 𝐾𝜋

JHEP 04 (2017) 162 

ℬ 𝐵6 → 𝑝�̅� = 1.25 ± 0.32 ×10;m

∼ 0.01×ℬ 𝐵 → 𝜋𝜋

PRL119 (2017) 232001



Charmless baryonic decays
• A few interesting properties

Ø Two-body suppressed compared to 𝐵 → 𝑀𝑀 decays
Ø Threshold enhancement
Ø Forward-backward asymmetry

25

𝐵# → 𝑝�̅�𝐾# 𝐵# → 𝑝�̅�𝜋#

Similarly for 𝐵 → 𝑝�̅�ℎℎM decays PRL 113 (2014) 141801 



Charmless baryonic decays
• A few interesting properties

Ø Two-body suppressed compared to 𝐵 → 𝑀𝑀 decays
Ø Threshold enhancement
Ø Forward-backward asymmetry

26PRL 113 (2014) 141801 

Hints at interferences, CP violation?

𝑚7$
. < 10 GeV2

𝑚7$
. > 10 GeV2𝑚77̅ < 2.85 GeV

Evidence of local CPV



Charmless baryonic decays
• A few interesting properties

Ø Two-body suppressed compared to 𝐵 → 𝑀𝑀 decays
Ø Threshold enhancement
Ø Forward-backward asymmetry

27PRL 113 (2014) 141801 

Hints at interferences, CP violation?

𝑚7$
. < 10 GeV2

𝑚7$
. > 10 GeV2𝑚77̅ < 2.85 GeV

Evidence of local CPV

Predications very difficult
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CPV in beauty baryons

A new area for weak/strong dynamics



CPV in baryon decays
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• Baryonic CPV not observed, despite similar quark-level process as meson decays

Two-body decays: 𝐴9: Λ86 → 𝑝𝐾; = −0.020 ± 0.023
𝐴9: Λ86 → 𝑝𝜋; = −0.035 ± 0.029

Mesons:
𝐴=> 𝐵! → 𝐾#𝜋$ = −0.0834
𝐴=> 𝐵B! → 𝐾$𝜋# = 0.236

Phys. Lett. B784 (2018) 124 



CPV in Ξ*# → 𝑝𝐾#𝐾# decays
• Charmless 𝑏 → 𝑠 transition
• Amplitude analysis with 6 resonances
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PRD 104 (2021) 052010

Ξ'$ mass 𝑚CDE 𝑝𝐾$ 𝑚FGHF 𝑝𝐾$

500 signals

No evidence of CPV

Magnitude similar to ℬ 𝐵 → 3ℎ



CPV in Λ*! , Ξ*! → 𝑝ℎℎℎ decays
• Six decay modes from 0.5-10K signals (3 jb;n)
• Abundant resonant structures
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EPJC 79 (2019) 745 

• Global and local 𝐴9: around resonances studied, relative to CKM favored modes
With ∼ 1% experimental precision, no
evidence of 𝐴9:
Rule out CP violation ≫ 5%

Example: Λ9( → 𝑝𝐾'𝜋&𝜋'

Ø Strong phase too small?
Ø One diagram dominates?



CPV in Λ*! → 𝑝𝜋#𝜋"𝜋# decays
• Triple product
• Triple product asymmetry: 𝐴 qr = 𝐶 qr , �̅� qr = − ̅𝐶 qr
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PRD 102 (2020) 051101

𝐶 :; ≡ 𝑃7 ⋅ �⃗�%!"#$% ×𝑝%& , ̅𝐶 :; ≡ 𝑃7 ⋅ �⃗�%!"#$& ×𝑝%%

CP violating: 𝑎9: = 𝐴 qr − �̅� qr /2 = −0.7 ± 0.7 ± 0.2 %

No strong CP violation globally or in local phase space
Φ: angle between �⃗�7×�⃗�%!"#$% and �⃗�%&×�⃗�%#'()%Binning according to 𝑁∗&/Δ&& resoances



Summary
• CP violation: probing weak and strong dynamics of SM, sensitive to new physics
• LHCb pushes CP violation in 𝑏-decays to new frontier

Ø Two-body decays: test of SU(3), studies of decay topologies
Ø Three-body decays: CPV from hadronic interferences, extracting strong/weak phases
Ø B baryonic decays: puzzles and opportunities
Ø CPV in baryon decays: unique to LHCb, new information
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CKM global test/constraints
and

Search for new physics

Results with full Run1/2 data expected in coming year(s)
Precisions; 3/4-body amplitudes; baryonic decays; decays with neutrals 𝜋6/𝜂/𝐾B… 

Run3 data are accumulating



Backup slides
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Histroy of CPV
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1964
奇异介子: 𝐾2衰变
中CP破坏
Cronin, Fitch等

1991,2001
奇异介子:衰变中直接
CP破坏
KTeV和 NA48实验

2001
底介子: 𝐵3衰变含时
CP破坏
BaBar和 Belle实验

2004
底介子: 𝐵3衰变直接
CP破坏
BaBar和 Belle实验

2012
底介子: 𝐵4衰变
直接CP破坏
LHCb实验

2013
底介子: 𝐵53衰变
直接CP破坏
LHCb实验

2019
粲介子: 𝐷3衰变
中的CP破坏
LHCb实验

2020
底介子: 𝐵53衰变
含时CP破坏
LHCb实验

1973
CKM机制:解释CP
破坏
⼩林诚和益川敏英

LHC experiments



Global analysis of CKM mechanism (4 parameters)
When LHC started Current status
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𝜆 = 0.22500 ± 0.00067𝐴 = 0.826;6.6n|56.6nm �̅� = 0.159 ± 0.010 �̅� = 0.348 ± 0.010

𝛼 + 𝛽 + 𝛾 = 173 ± 6 ∘



Quark mixing matrix
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d s b

u

c

t

𝑉=:I =

Fundamental parameters of SM, core to flavor physics

Nuclear physics

Charm physics

Kaon physics

Beauty physics

Standard parameterization: 𝜃nG, 𝜃n~, 𝜃G~, 𝛾 Wolfenstein parameterization: 𝜌, 𝜂, 𝜆, 𝐴

Test of universality: 𝑉YZ∗𝑉Y\ = 0 𝑖 ≠ 𝑘 , 1 𝑖 = 𝑘



𝑆 − 𝑃 wave interference
• Evaluation of strong phase in Breit-Wigner with energy 𝑠
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𝐴=> ∝ cos 𝜃× 𝑚"
/ − 𝑠 × 𝑚>

/ − 𝑠 …+ BW>
/ cos/ 𝜃+ BW"

/

PRL 124 (2020) 031081
PRD 101 (2020) 012006

𝐴9: in bins of invariant mass



CKM matrix up to 𝜆+
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LHCb Upgrade II sensitivities
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CERN Yellow Rep.Monogr. 7 (2019) 867

𝛿 < 1%

Uncertainty
reduced by
factor ~10

1% level
precision

High precision
charm physics


