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 1973: CP violation can not be explained in a four-quark model


      Introduction of the Cabibbo-Kobayashi-Maskawa matrix


      It describes the probability of flavour transition


→

→
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VCKM =
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

≃
1 − λ2/2 λ λ3(ρ − iη)

−λ 1 − λ2/2 Aλ2

λ3(1 − ρ − iη) −Aλ2 1

Wolfenstein parametrisation

Generalities on CP violation

Phys. Rev. Lett. 51 (1983) 1945

λ ≈ 0.23

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.51.1945


 1973: CP violation can not be explained in a four-quark model


      Introduction of the Cabibbo-Kobayashi-Maskawa matrix


      It describes the probability of flavour transition


     


      complex phase in  are necessary to observe CP violation


      Deviations from SM predictions probe new interactions
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Generalities on CP violation

Phys. Rev. Lett. 51 (1983) 1945

λ ≈ 0.23

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.51.1945


 The size of the CP asymmetry depends  also on the relative 
magnitude of the amplitudes


 Weak phases: CKM matrix elements


 Strong phases: 

(i) Short distance penguin contributions at quark level

(ii) Final-state interactions (example: hadronic rescattering , 1-1.5 GeV)ππ ↔ KK
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To observe CP violation: at least 2 interfering amplitudes must 
contribute to the same final state with different weak and strong phases

ACP =
|A(B → f ) |2 − |A(B̄ → f̄ ) |2

|A(B → f ) |2 + |A(B̄ → f̄ ) |2 =
2 |A2/A1 |sin(δ1 − δ2)sin(ϕ1 − ϕ2)

1 + |A2/A1 |2 + |A2/A1 |cos(δ1 − δ2)cos(ϕ1 − ϕ2)

Prog. Part. Nucl. Phys. 114 (2020) 103808

Generalities on CP violation

https://www.sciencedirect.com/science/article/pii/S0146641020300557?via=ihub
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CPT contraints on CP violation

Generalities on CP violation

 CP violation: 


 CPT symmetry: total decay widths of  and  are the same


 requires communication between the different decay modes having the 
same quantum numbers


 Final-state hadronic interactions:

 provide the strong phases for CP violation to be observed 


 is a key ingredient to preserve CPT symmetry

Γ(P → f ) − Γ(P̄ → f̄ ) ≠ 0

P P̄

→

→

→

Γ(P → f1) + . . . + Γ(P → fn) = Γ(P̄ → f̄1) + . . . + Γ(P̄ → f̄n)

Prog. Part. Nucl. Phys. 114 (2020) 103808

https://www.sciencedirect.com/science/article/pii/S0146641020300557?via=ihub
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Generalities on CP violation

 Tree penguin diagrams

 Resonances in the phase space

 CP violation from interferences between: 

B− → π−π+π−

ρ(770)0, f0(980)

source: Juan Otalora
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 Multi-body decays proceed through several intermediate 
states which interfere

 Density distribution in a 3-body decay


  and  enough to describe the system

 Dynamic is contained in the matrix  

 Information about resonant structure
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Three-body decays in the phase space

p1, m1

p3, m3

P, M p2, m2

dΓ =
1

(2π)3

1
32M3

|ℳ |2 dm2
12 dm2

23

m2
ij = (Ei + Ej)2 − (pi + pj)2

Dalitz plot

Prog. Theor. Exp. Phys. 2020 (2020) 083C01

https://academic.oup.com/ptep/article/2020/8/083C01/5891211?login=false
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Three-body decays in the phase space

B± → K±π+π−

Angular distribution of resonances

π+

π−

K+

θhel

Helicity 
angle

 Resonant process: horizontal, vertical, diagonal bands

 Spins: density distribution along bands

 Non-resonant process 

χc0(1P)

ρ(770)0, f0(980)

K*(892), K*(1430)



 Multivariate analysis selection

→ Training performed specific for each decay channel


 Final PID selection (crossfeed only)

  →  to define the cut values


 Charm veto ( , )

B+ → D̄0K+(π+)

D0 J/ψ

Event selection strategy

B± → π±K+K−
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Distribution of crossfeed background from simulations



Fit model
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 Signal

→ Two Crystal-Ball + Gaussian. Shape determined by MC


 Combinatorial background

→ Exponential function


 Partially reconstructed background

→ Argus function convolved with a Gaussian


 Crossfeed from other  decays

→ Two Crystal-Ball functions. Shape and fractions 
determined by MC and fixed in the fit. 

→ MC samples with selection cuts and PIDCalib efficiency.

B± → h±h+h−

Simultaneous mass fit of  and  for each channelB+ B−

Fit observables

 Signal yield

 Raw asymmetry

ARAW =
N− − N+

N− + N+
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Ns(B
± → π±π+π−) = 100 999 ± 527

B− B+
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Phase-space integrated asymmetries
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ACP =
AACC

RAW − AP

1 − AACC
RAW AP

AACC
RAW =

1 + ARAW − R + ARAW . R
1 + ARAW + R − ARAW . R

R =
< ε− >
< ε+ >

< ε± > =
∑events′￼

i′￼=1 1

∑events′￼

i′￼=1
1

acc′￼i
high 

efficiency

low 
efficiency

 m′￼

 θ′￼

Square Dalitz plot
B± → K±K+K−

AP = ACP(B± → J/ψ K±)data − ACP(B± → J/ψ K±)PDG
= − 0.0070 ± 0.0008+0.0007

−0.0008 ± 0.0030



CP asymmetries of partial decay widths in 
 decays related to U-spin symmetry


Theoretical prediction:

B± → h±h+h−
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U-spin symmetry

ΔΓCP(h±
1 h+

2 h−
3 ) = Γ(h−

1 h+
2 h−

3 ) − Γ(h+
1 h−

2 h+
3 ) =

ACP(B± → h±
1 h+

2 h−
3 )ℬ(B+ → h+

1 h+
2 h−

3 )
τ(B+)

Phys. Lett. B824 (2022) 136824

Phys. Lett. B564 (2003) 90

Phys. Lett. B726 (2013) 337

ΔΓ(B± → π±K+K−)
ΔΓ(B± → K±π+π−)

=
ACP(B± → π±K+K−)ℬ(B+ → π+K+K−)
ACP(B± → K±π+π−)ℬ(B+ → K+π+π−)

= − 0.92 ± 0.18

Results: 

ΔΓ(B± → π±π+π−)
ΔΓ(B± → K±K+K−)

=
ACP(B± → π±π+π−)ℬ(B+ → π±π+π−)

ACP(B± → K±K+K−)ℬ(B+ → K+K+K−)
= − 1.06 ± 0.08

ΔΓ(B± → π±K+K−)
ΔΓ(B± → K±π+π−)

=
ΔΓ(B± → π±π+π−)
ΔΓ(B± → K±K+K−)

= − 1

In agreement with the predictions

Phys. Rev. D102 (2020) 112010

https://reader.elsevier.com/reader/sd/pii/S0370269321007644?token=BFE44A7FA06336C0A2A5DBCF0A638AC7C25529A21588AB2C83C0F31568EE8F56158FEB10F895C6631B23CE6C69DF3F9B&originRegion=us-east-1&originCreation=20220310135753
https://www.sciencedirect.com/science/article/pii/S0370269303007020
https://www.sciencedirect.com/science/article/pii/S0370269313007016
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.102.112010
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CP asymmetry in the phase space
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B± → π±π+π− B± → K±π+π−

B± → π±K+K− B± → K±K+K−

 decays: rich 
environment for the study of 
CP violation

Large phase-space available 

Different sources contributing 
to the asymmetries

 interferences between tree and 

penguin diagrams

 interferences involving quasi-two-body 

resonances 

 hadronic final-state interactions

B± → h±h+h−

→

→

→

Distribution of events over the phase space
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 Histogram created by an adaptative binning algorithm


 Each bin contains the same number of events ( )

 The vertical color scale tells us the asymmetry value

N− + N+

Phys. Rev. D86 (2012) 036005

Abin
CP =

N− − N+

N− + N+

0.8−

0.6−

0.4−

0.2−

0

0.2

0.4

0.6

0.8

N ra
w

A

0 5 10 15
]4c/2 [GeV

low
)−π+π(2m

0

5

10

15

20

25

]4 c/2
 [G

eV
hi

gh
)
− π

+ π(2
m

0.8−

0.6−

0.4−

0.2−

0

0.2

0.4

0.6

0.8

N ra
w

ALHCb
-15.9fb

CP asymmetry in the phase space

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.036005
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B± → π±π+π−

ACP = + 0.303 ± 0.009
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Region 1
1 < m2(π+π−)low < 2.25

3.5 < m2(π+π−)high < 16
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ACP = − 0.284 ± 0.017

Region 1 Region 2

2

B± → π±π+π−

B− B+

CP asymmetry in the phase space

Region 2
1 < m2(π+π−)low < 2.25

16 < m2(π+π−)high < 23
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ACP = 0.745 ± 0.027

No CPV expected in  in SM

CPV could arise from interference with a non-
resonant decay amplitude

χc0(1P)

ACP = + 0.745 ± 0.027

B± → π±π+π−
χc0(1P)

Phys. Rev. Lett. 74 (1995) 4984

B− B+

CP asymmetry in the phase space

4 < m2(π+π−)low < 15

4 < m2(π+π−)high < 16

Region 4

4

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.74.4984
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Relative size contribution = 

B± → π±K+K−

ACP(rescattering) = (−66.4 ± 3.8 ± 1.9) %
(16.4 ± 0.8 ± 1.0) %

Phys. Rev. Lett. 123 (2019) 231802

B± → π±K+K−

B− B+

CP asymmetry in the phase space

1 < m2(K+K−) < 2.25
4 < m2(K+π−) < 19
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Region 1

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.123.231802
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ACP = + 0.097 ± 0.031

χc0(1P)
B± → π±K+K−

B− B+

CP asymmetry in the phase space

2

4 < m2(K+K−) < 25
3 < m2(K+π−) < 16

Region 2

χc0(1P)



Systematic uncertainties
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 Mass fit models

→ Combinatorial background model: Exponential  polynomial

→ Peaking background asymmetry: Fixed to zero  fixed to Phys. Rev. D90 (2014) 112004

→ Peaking background model: Varying  obtained from MC

→ Signal model: 1 Gauss + 2 Crystal Ball  1 Gauss + 2 RooGaussExp


 Dalitz plot efficiency

→ Distribution of the  factor by randomizing the efficiency map bins

→ Different binning for the efficiency maps


 Control channel

→ Fit parameters float

→ Split regions in bins of momentum, magnet polarity

→
→

±1σ
→

R

Dominant contributions



Final results
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(2.4𝜎)

(8.5𝜎)

(14.1𝜎)

(13.6𝜎)

First observation of CPV in  and 
,  confirmed

B± → K±K+K−

B± → π±π+π− B± → π±K+K−

(stat) (syst) ( )J/ψK±

Phase space integrated asymmetries

Comparison with 
run1 results

Phys. Rev. D90 (2014) 112004

(stat) (syst) ( )J/ψK±

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.112004
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(29.9𝜎)
(15.2𝜎)
(4.5𝜎)

(23.0𝜎)

(27.3𝜎)
(15.0𝜎)

(20.2𝜎)
(3.1𝜎)

(28.3𝜎)

(6.3𝜎)

Regions of the phase space

Final results

Huge localised asymmetry of ~75% in B± → π±π+π−
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(29.9𝜎)
(15.2𝜎)
(4.5𝜎)

(23.0𝜎)

(27.3𝜎)
(15.0𝜎)

(20.2𝜎)
(3.1𝜎)

(28.3𝜎)

(6.3𝜎)

Regions of the phase space

Final results

Change of sign in the rescattering region

 strong phases→



 decays into a vector resonanceB±

26

 Few  measurements in the literature and 
huge theoretical interest 


  contributions


 Total amplitudes for  and 


 Asymmetry  to square modulus of amplitude 
difference

B± → PV

B± → h± (V → h+h−)

B+ B−

∝

S|| ≡ (ph+ + ph−)2

S⊥ ≡ (phb
+ ph±)2

θ ≡ helicity angle

Direct vector Acp
NR and vector 
interference

Phys. Rev. D94 (2016) 054028

Direct NR Acp

ℳ±
2

= (aV
±)2(cos θ)2 |FBW

V |2 + (aS
±)2 |FBW

S |2 + 2aV
± aS

± cos θ |FBW
V |2 |FBW

S |2

× {cos(δV
± − δS

±)[(m2
V − s∥)(m2

S − s∥) + (mVΓV)(mSΓS)]

+sin(δV
± − δS

±)[(mSΓS)(m2
V − s∥) − (mVΓV)(m2

S − s∥)]} .

ℳ± = aV
±eiδV

±FBW
V cos θ(s⊥, s∥) + aS

±eiδS
±FBW

S

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.054028


 Mass window chosen as the nominal resonance width

→ 150 MeV/c2 for 

→ 50 MeV/c2 for 

→ 5 MeV/c2 for 


 Quadratic function to get amplitude parameters

→ f(x) = p0 + p1x + p2x2

ρ(770)0

K*(892)
ϕ(1020)

27

S|| ≡ (ph+ + ph−)2

S⊥ ≡ (phb
+ ph±)2

θ ≡ helicity angle

Phys. Rev. D94 (2016) 054028

AV
CP =

|ℳ− |2 − |ℳ+ |2

|M− |2 + |ℳ+ |2 =
p−

2 − p+
2

p−
2 + p+

2

 decays into a vector resonanceB±

|ℳ± |2 = f(cos θ(m2
V, s⊥)) = p±

0 + p±
1 cos θ(m2

V, s⊥) + p±
2 cos2 θ(m2

V, s⊥)

Direct vector AcpDirect NR Acp

NR and vector 
interference

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.054028


0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
]2c[GeV/

low
)−π+π(m

0

500

1000

1500

2000

2500

3000

3500)2 c
Y

ie
ld

s /
 (0

.0
23

 G
eV

/

+B 
−B 

28

ACP = − 0.004 ± 0.017

ACP = 0.007 ± 0.011 ± 0.016
LHCb                                            

Phys. Rev. Lett. 124 (2020) 031801

 ρ(770)

 ππ ↔ KK rescattering

 f2(1270)

 B± → ρ(770)0π±
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 Measurement of  mixingρ − ω

B± → π±π+π−

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.031801
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ACP = 0.150 ± 0.019

ACP = 0.44 ± 0.10 ± 0.04+0.05
−0.13

This work

BaBar                                            
Phys. Rev. D78 (2008) 012004

 ρ(770)

 f0(980)

ACP = 0.30 ± 0.11 ± 0.02+0.11
−0.04

Belle 

Phys. Rev. Lett. 96 (2006) 251803
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First time observed!

B± → K±π+π−

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.78.012004
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.96.251803
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 ϕ(1020)

 B± → ϕ(1020)K±

ACP = 0.004 ± 0.010

ACP = 0.128 ± 0.044 ± 0.013
BaBar                                             

Phys. Rev. D85 (2012) 112010
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.112010


Systematic uncertainties

31

  decays

→ Variation of the resonance mass window

→ Variation of the fit regions

→ Projection over  instead of 

B± → PV

cos(θhel) m2
(31,23)

 B± → ρ(770)0π±



Final results
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(6.8𝜎)

Results for full run2 dataset

First observation of CPV in B± → ρ(770)0K±



 Phase space integrated asymmetries confirmed

Conclusions (1)
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(2.4𝜎)

(8.5𝜎)

(14.1𝜎)

(13.6𝜎)

(stat) (syst) ( )J/ψK±

First observation of CPV in  and 
,  confirmed

B± → K±K+K−

B± → π±π+π− B± → π±K+K−

B± → h±h+h−



 Non-uniform asymmetries in the phase space observed


 Significant CP violation in the  rescattering region


 Indication of CPV in the region of the  resonance


 Ongoing amplitude analysis will provide further details

ππ ↔ KK

χc0(1P)
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Conclusions (2)
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 Measurement of asymmetries in  decays


 Observation for the first time of CPV in 


 Significant improvement compared to Belle and BaBar

B± → PV

B± → ρ(770)0K±

B± → h±h+h−

B± → PV

Run3 starting soon!
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Backup
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Generalities on CP violation

B± → π±π+π−B± → π±K+K−

B± → K±π+π− B± → K±K+K−stangeness = 1

stangeness = 0

 penguin and tree diagrams

 resonances in the phase space

penguin tree

 CP violation from 
interferences between: 



L0 Trigger

B_L0HadronDecision_TOS > 0 || B_L0Global_TIS > 0 


HLT Trigger

B_Hlt1TrackAllMVADecision_TOS>0 > 0


 Hlt2Topo(2-,3-, or 4-Body)_TOS


Data selected using StrippingBu2hhh_KKK_inclLine

Event selection strategy

37

Trigger requirements

Stripping selection

Full run2 data sample (5.9 fb-1) 



BACKUP
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Stripping requirements
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Full run2 data samples (2015 - 2018)

 Generated flat in the square Dalitz plot without CPV

 Small MC for MVA, PID selection and background studies

 Large MC for efficiency maps and mass fits

MC samples (2015 - 2017)

ANA address: https://twiki.cern.ch/twiki/bin/viewauth/LHCbPhysics/Bu2hhhAcpPaperRun2

run2 = 5.9 fb-1

BACKUP

https://twiki.cern.ch/twiki/bin/viewauth/LHCbPhysics/Bu2hhhAcpPaperRun2


BACKUP
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B± → π±π+π−



BACKUP
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Comparison of data 2015-2018 and MC 2015-2017 after loose requirements
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 Selection to control the cross-feed background

 Positive and negative requirements on ProbNNk(pi) variables


 , with  to define the cut values

 isMuon == 0 and ProbNNe < 0.4 to all tracks in all modes
B+ → D̄0K+(π+) D̄0 → K+π−/K+K−/π+π−

PID selection

Example: PID requirement of  B± → π±π+π−



requiring  mass within 35 MeV from  mass 
B+ → D̄0( → π−K+)π+

K+π− D0 D̄0 → π+π− B± → π±π+π−

d1,2,3_ProbNNK < 
0.4, 0.3, 0.2, 0.1

d1,2,3_ProbNNpi > 
0.2, 0.3, 0.4, 0.5

ProbNNk < 0.1 

&


 ProbNNpi > 0.5

 After applying negative PID requirements, positive identification becomes very efficient→
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 Veto applied  MeV around  mass 


 misID contributions also removed. Example:  final state


→  and  (no misID) 

→   (single  misID) 

±35 D0

π+K+π−

B+ → D̄0( → K+π−)π+ B+ → D̄0( → π+π−)K+

B+ → D̄0( → K+K−/π+π−)π+ K − π

Charm veto

No misID Single misID
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Efficiency



Efficiency correction

45

εB± =
Histo final

B±

HistoGen
B±

 From simulated samples (2015 + 2016 + 2017)


 Square Dalitz plot coordinates 

 Separately by polarity, trigger and year

→ Maps are combined by using weights from data

{m12, θ12}

Efficiency map

 B+ and B- separately

 Selection cuts

 Detection asymmetry

 PID efficiency from PIDcalib

 Trigger correction

high 
efficiency

low 
efficiency

 m12

 θ12
B± → K±K+K−



Ap = − 0.0070 ± 0.0008+0.0007
−0.0008 ± 0.0030

Control channel: B± → J/ψ K±

46

 data sample

 (PDG) 


2 CB + 1 gaussian parametrization

B± → K±π+π−

ACP(B± → J/ψK±) = 0.0018 ± 0.0030

(stat) (syst) (PDG)

AP = ACP(B± → J/ψ K±)data − ACP(B± → J/ψ K±)PDG
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Rescattering

1 <  [GeV2/c4] < 2.25


3.5 <  [GeV2/c4] < 19.5
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K+π−

B± → K±π+π−
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Rescattering

1 <  [GeV2/c4] < 2.25


19.5 <  [GeV2/c4] < 25.5
π+π−

K+π−

B± → K±π+π−

ACP = − 0.145 ± 0.007
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Rescattering

1.1 < Low [GeV2/c4] < 2.25


4 < High [GeV2/c4] < 17

B± → K±K+K−

ACP = − 0.178 ± 0.004
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Rescattering

1.1 < Low [GeV2/c4] < 2.25

17 < High [GeV2/c4] < 23

B± → K±K+K−

ACP = 0.043 ± 0.005
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52Phys. Rev. D94 (2016) 054028

Validation of B → PV method
1000 samples simulated, 20000 events each 

BaBar inputs for 
magnitude and phase 

 Aρ(770)
CP = 18% ± 7 %

Phys. Rev. D79 (2009) 072006

Magnitude 
modified to obtain 

 Aρ(770)
CP = 0

This work: Aρ(770)
CP = 17.7% ± 3 %

BACKUP
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 Accounts for overall non-uniform signal efficiencies

→ Dividing  and  yields distributions by the scaled 
efficiency histograms

B+ B−

Efficiency correction - example for ρ(770) in B± → π±π+π−

BACKUP
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ACP = (−1.5 ± 2.1) %
This work

 K*(892) in B± → K±π+π−

  mass fit

  interference
J/ψ
χc0

Skipped fit region
 K*(892)

 K*0 (1430)

BACKUP

ACP = (3.2 ± 5.2 ± 1.1) %
BaBar                                            

Phys. Rev. D78 (2008) 012004
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ACP = (0.7 ± 5.4) %

ACP = (12.3 ± 8.7 ± 4.5) %

This work

 K*(892) in B± → π±K+K−

LHCb                                             
Phys. Rev. Lett. 123 (2019) 231802

 K*(892)

BACKUP
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  decays

→ Variation of the resonance mass window

→ Variation of the fit regions

→ Projection over  instead of 

B → PV

cos(θhel) m2
(31,23)

 B± → ρ(770)0π±

BACKUP



59

BACKUP

Background subtraction method


