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Outline 

 Motivations 

 Detector and analysis strategies 

 Recent measurements of CP violation in charmless:  

●  Two-body b-meson decays 
   B(s)

0
 → h+h– (h= K,π) 

  B±
 → K±π0 

●  Three-body b-meson decays 

  B±
 → h±h+h– (h= K,π) 

●  Three- and four-body b-baryon decays 

  Ξb
–
 → pK–K–   

  Λb
0
 → pπ–π+π– Phys. Rev. D 102 (2020) 051101 

arXiv:2104.15074 

JHEP 03 (2021) 075 

Phys. Rev. Lett. 126 (2021) 091802 

Phys. Rev. D 102 (2020) 112010 
Phys. Rev. D 90 (2014) 112004 

Phys. Rev. Lett. 123 (2019) 231802 
Phys. Rev. Lett. 124 (2020) 031801 

Phys. Rev. D 101 (2020) 012006 
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•  Charmless hadronic decays are suppressed in the Standard Model (SM). 

•  They proceed through b → u  tree and b → s,d  loop (penguin) transitions. 

•  Tree and penguin amplitudes are of similar size and have a relative weak phase, their 
interference can lead to CP violation in decay. 

•  New Physics particles could contribute to penguin loop and additional sources of CP violation. 
 

Two-body b-meson decays: 

•  Large CP violation observed. 

•  CP violation in mixing (time-dependent) and decay. 

•  “Kπ puzzle”. 
B0

(s) → K+K–	
B0

(s) → K+π–	
B0

(s) → π+π–	
 
B±

 → K±π0 

Charmless b-hadron decays 
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Charmless b-hadron decays 

Three-body b-meson decays:  

•  Rich spectrum of resonant final states and large local CP asymmetries. 

Λb
0
 → pπ–π+π– 

Λb
0
 → pπ–K+K– 

 

Ξb
–
 → pK–K– 	

B±
 → K±K+K–	

B±
 → K±π+π– 

B±
 → π±π+π– 

B±
 → π±K+K–	

Three- and four-body b-baryon decays:  

•  No observation of CP violation yet, but have similar diagrams to b-mesons. 
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Detector and analysis strategies 

●  Selection of displaced secondary vertices of charged hadrons in the VELO. 
●  Multivariate classifiers to reject combinatorial background. 
●  Particle identification of charged hadrons K�, π�, p using RICH detector information. 
●  Photon and neutral pion reconstruction in the ECAL. 
●  Flavour tagging for neutral b-hadrons: based on particle charges, same-side and opposite-side. 
●  Amplitude analyses of multibody decays to explore the underlying dynamics. 

Magnet 

Vertex 
Locator 

RICH1 

RICH2 

T T 

Muon detectors 

ECAL 
HCAL 

Tracking 

Int. J. Mod. Phys. A 30 
1530022 (2015) 
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Observation of 
CP violation in B(s)

0
 → h+h–  

arXiv:2012.05319 
JHEP 03 (2021) 075 

 
1.9 fb-1 Run II data 
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CP violation in B(s)
0
 → h+h–  

●  Updated measurement with partial Run 2 dataset and combination of results. 
●  Simultaneous fit to invariant mass, decay-time, flavour tagging decision and mistag 
probability for the three different final states: K±π�, π+π− and K+K−. 
●  Probing direct and mixing-induced CP violation: 

●  Time-dependent CP asymmetry measurement in B0
 → π+π– and B0

s → K+K– decays.  

arXiv:2012.05319 
JHEP 03 (2021) 075 

CP violation in B(s) ! h+h�
decays

B0
s KK

B̄0
sei�s

B0
s

T L

T+L

T̄+L̄

CKM-suppressed tree b ! u and loop
diagrams interfere

Expect direct and mixing-induced CPV
Af (t) =

Cf cos(�ms t)�Sf sin(�ms t)

cosh(�� t/2)+A��
f sinh(�� t/2)

CPV observables are sensitive to CKM
angles and mixing phases

Loop diagrams introduce hadronic
uncertainties but give sensitivity to NP

Loop-level � compatible with tree-level
measurement

[Phys.Lett.B741(2015)1, Phys.Rev.D98(2018)032004]

Assuming up to 50% U-spin breaking e↵ects
(Numbers based on Run1-only results)

Moriond QCD, d’Argent Mixing and CPV in beauty at LHCb 11 / 15

70310		
signal	events	

45620	
signal	events	
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Observation of CP violation in B(s)
0
 → h+h–  

●  Time-dependent CP asymmetry measurement in B0
 → π+π– and B0

s → K+K– decays.  

arXiv:2012.05319 
JHEP 03 (2021) 075 

Fit results: 

Most precise results from a single 
experiment. 
 
First observation of time-dependent 
CP violation in B0

s decays with 6.5σ. 
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Observation of CP violation in two-body B0
(s)-meson

decays to charged pions and kaons

The LHCb collaboration

E-mail: cameron.dean@cern.ch

Abstract: The time-dependent CP asymmetries of B0 → π+π− and B0
s → K+K− decays

are measured using a data sample of pp collisions corresponding to an integrated luminosity

of 1.9 fb−1, collected with the LHCb detector at a centre-of-mass energy of 13TeV. The

results are

Cππ = −0.311± 0.045± 0.015,

Sππ = −0.706± 0.042± 0.013,

CKK = 0.164± 0.034± 0.014,

SKK = 0.123± 0.034± 0.015,

A∆Γ
KK = −0.83 ± 0.05 ± 0.09,

where the first uncertainties are statistical and the second systematic. The same data

sample is used to measure the time-integrated CP asymmetries of B0 → K + π− and

B0
s → K−π+ decays and the results are

AB0

CP = −0.0824± 0.0033± 0.0033,

AB0
s

CP = 0.236 ± 0.013 ± 0.011.

All results are consistent with earlier measurements. A combination of LHCb measurements

provides the first observation of time-dependent CP violation in B0
s decays.

Keywords: B physics, CP violation, Flavor physics, Hadron-Hadron scattering (experi-

ments), Oscillation

ArXiv ePrint: 2012.05319

Open Access, Copyright CERN,

for the benefit of the LHCb Collaboration.

Article funded by SCOAP3.

https://doi.org/10.1007/JHEP03(2021)075
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Observation of CP violation in B(s)
0
 → K+π–  

●  Time-integrated CP asymmetry measurement in B0
 → K+π– and B0

s → K–π+ decays.  

●  Results confirm CP violation observations: 

 
●  A proposed test of the SM using the relation: 

●  Agrees with 0 within 2σ:  

arXiv:2012.05319 
JHEP 03 (2021) 075 
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assumed to be negligible. The quantities Cf , Sf and A∆Γ
f are defined as

Cf ≡
1− |λf |2

1 + |λf |2
, Sf ≡

2Imλf
1 + |λf |2

, A∆Γ
f ≡ −

2Reλf
1 + |λf |2

, (1.2)

where λf is given by

λf ≡ q

p

Af

Af
(1.3)

and Af (Af ) is the decay amplitude for the B0
(s) (B0

(s)) → f transition. As current ex-

perimental determinations [25–27] confirm the SM expectation [28, 29] of negligible CP

violation in the B0
(s)-B

0
(s) mixing (implying |q/p| = 1), a nonzero value of Cf and Sf in-

dicates the presence of CP violation in the decay and in the interference between mixing

and decay, respectively. The quantities Cf , Sf and A∆Γ
f are related through the unitary

condition (Cf )
2+(Sf )

2+
(
A∆Γ

f

)2
= 1. This constraint is not imposed in this analysis and

is instead used as a cross-check of the consistency of the results. Previous determinations

of Cππ and Sππ were performed by BaBar [30], Belle [31] and LHCb [24] experiments, while

only LHCb has measured CKK , SKK and A∆Γ
KK [24].

The time-integrated CP asymmetry for a B0
(s) decay to a flavour-specific final state f ,

such as B0→ K+π− and B0
s → K−π+, is defined as

ACP =

∣∣∣Af

∣∣∣
2
− |Af |2

∣∣∣Af

∣∣∣
2
+ |Af |2

. (1.4)

Measurements of ACP for the B0 → K+π− decay (AB0

CP ) were carried out by BaBar [30],

Belle [32], CDF [33] and LHCb [24], while ACP for the B0
s → K−π+ decay (AB0

s
CP ) was

measured only by CDF [33] and LHCb [24].

This paper is organised as follows. The LHCb detector, its trigger system and the sim-

ulation process are briefly introduced in section 2, while the sample selection is described in

section 3. The CP asymmetries are determined by means of unbinned maximum-likelihood

fits to the invariant-mass and decay-time distributions of B0
(s) candidates reconstructed in

the π+π−, K+K− and K±π∓ final states. In order to measure the time-dependent CP

asymmetries, it is necessary to determine the flavour of the B0
(s) meson at its production.

In addition, a precise determination of the B0
(s) decay time is important, in particular for

the B0
s meson, due to its fast oscillation frequency. The flavour-tagging algorithms and

their calibration are presented in section 4, while the determination of the decay-time res-

olution is discussed in section 5. The models used in the fits are described in section 6.

Two measurements of the CP -violating parameters for the B0→ π+π− and B0
s → K+K−

decays are performed with different experimental techniques. The first method, referred to

as the simultaneous method, fits all the signal decays simultaneously and uses a fit model

similar to that described in ref. [24]. The second method, referred to as the per-candidate

method, describes the selection efficiency as a function of the decay time of the B0
(s) meson

on a per-candidate basis using the swimming technique [34–37]. The determination of the

– 3 –

J
H
E
P
0
3
(
2
0
2
1
)
0
7
5

Published for SISSA by Springer

Received: December 11, 2020

Accepted: January 19, 2021

Published: March 8, 2021

Observation of CP violation in two-body B0
(s)-meson

decays to charged pions and kaons

The LHCb collaboration

E-mail: cameron.dean@cern.ch

Abstract: The time-dependent CP asymmetries of B0 → π+π− and B0
s → K+K− decays

are measured using a data sample of pp collisions corresponding to an integrated luminosity

of 1.9 fb−1, collected with the LHCb detector at a centre-of-mass energy of 13TeV. The

results are

Cππ = −0.311± 0.045± 0.015,

Sππ = −0.706± 0.042± 0.013,

CKK = 0.164± 0.034± 0.014,

SKK = 0.123± 0.034± 0.015,

A∆Γ
KK = −0.83 ± 0.05 ± 0.09,

where the first uncertainties are statistical and the second systematic. The same data

sample is used to measure the time-integrated CP asymmetries of B0 → K + π− and

B0
s → K−π+ decays and the results are

AB0

CP = −0.0824± 0.0033± 0.0033,

AB0
s

CP = 0.236 ± 0.013 ± 0.011.

All results are consistent with earlier measurements. A combination of LHCb measurements

provides the first observation of time-dependent CP violation in B0
s decays.

Keywords: B physics, CP violation, Flavor physics, Hadron-Hadron scattering (experi-

ments), Oscillation

ArXiv ePrint: 2012.05319

Open Access, Copyright CERN,

for the benefit of the LHCb Collaboration.

Article funded by SCOAP3.

https://doi.org/10.1007/JHEP03(2021)075

J
H
E
P
0
3
(
2
0
2
1
)
0
7
5

The unitary relation among CKK , SKK and A∆Γ
KK is tested, giving√

(CKK)2 + (SKK)2 +
(
A∆Γ

KK

)2
= 0.93 ± 0.08. This is compatible with unity within one

standard deviation.

According to the test of the SM proposed in ref. [7], the following sum must be satisfied

∆ ≡ AB0

CP

AB0
s

CP

+
B
(
B0

s → K−π+
)

B (B0→ K+π−)

Γs

Γd
= 0, (11.1)

where B
(
B0→ K+π−

)
and B

(
B0

s → K−π+
)
are CP -averaged branching fractions. The

LHCb measurements of the relative fragmentation-fraction ratio between B0
s and B0

mesons fs/fd = 0.259 ± 0.015 [68], fs/fd × B
(
B0

s → K−π+
)
/B

(
B0→ K+π−

)
[69] and

Γs/Γd [60] are used in this test along with the measurements of AB0

CP and AB0
s

CP . The

value ∆ = −0.085± 0.025± 0.035 is obtained, where the first uncertainty is from the mea-

surements of the CP asymmetries and the second is from the other inputs in eq. (11.1).

With the present experimental precision, ∆ is in agreement with zero within two standard

deviations.

Owing to the measurements reported in this paper, improved constraints on the CKM

angles and B0
s mixing phase can be obtained, as outlined in refs. [9, 14, 15]. The comparison

of these precises determinations, based on decays receiving sizeable loop-level contributions,

with those provided by the study of the decays dominated by tree-level amplitudes, will

constitute a stringent test of the SM hypothesis.
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CP violation in B+
 → K+π0  

arXiv:2012.12789 
Phys. Rev. Lett. 126 (2021) 091802 

 
5.4 fb-1 Run II data 
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The Kπ puzzle  

●  The family of 4 two-body B decays to a kaon and a pion can probe new physics. 
●  Studied extensively at B-factories, Tevatron and LHCb. 

●  Isospin symmetry in the SM imposes relations on amplitudes and asymmetries: 
●  Asymmetries should be equal for B0

 → K+π– and B+
 → K+π0, however 

●  Measurements so far are nonzero at 5.5σ.  

●  A more accurate sum rule is proposed:  

●  It predicts ACP(B0
 → K0π0) = −0.150 ± 0.032, but measurement is compatible with zero. 

B0
 → K+π– 

B±
 → K±π0 

B0
 → K0π0 

B±
 → K0π± 

M. Gronau, PLB 627 
(2005) 82 

ACP(B0
 → K+π–) = −0.84 ± 0.004,        ACP(B+

 → K+π0) = 0.040 ± 0.021 	

 

Measurement of CP Violation in the Decay B + → K +π0

R. Aaij et al.*

(LHCb Collaboration)

(Received 23 December 2020; accepted 28 January 2021; published 2 March 2021; corrected 4 March 2021)

A measurement of CP violation in the decay Bþ → Kþπ0 is reported using data corresponding to an
integrated luminosity of 5.4 fb−1 collected with the LHCb experiment at a center-of-mass energy offfiffiffi
s

p
¼ 13 TeV. The CP asymmetry is measured to be 0.025# 0.015# 0.006# 0.003, where the

uncertainties are statistical, systematic, and due to an external input. This is the most precise measurement
of this quantity. It confirms and significantly enhances the observed anomalous difference between the
direct CP asymmetries of the B0 → Kþπ− and Bþ → Kþπ0 decays, known as the Kπ puzzle.

DOI: 10.1103/PhysRevLett.126.091802

Rare decays of heavy flavored hadrons that primarily
proceed through loop-level transitions are powerful probes
of the effects of new physics (NP) beyond the Standard
Model (SM). The family of B → Kπ decays is dominated
by hadronic loop amplitudes in the SM, but include
contributions from suppressed tree-level processes, as well
as electroweak loop-level processes through which NP may
affect the decay [1–4]. Studies of the decay B0 → Kþπ− at
the B-factory experiments led to the first observation of
direct CP violating asymmetries in the B system [5,6]
resulting from the interference of two decay amplitudes
where both the relative strong and weak phases are non-
zero. The observed asymmetries in these modes are a result
of the interference between tree- and loop-level amplitudes.
Further studies at the B-factory and Tevatron experiments
and at LHCb have provided measurements of the branching
fractions and CP asymmetries of the complete set of
B → Kπ decays: B0 → Kþπ− [7–10], Bþ → Kþπ0

[8,11], B0 → K0π0 [12,13], and Bþ → K0πþ [8,14,15],
where the inclusion of charge-conjugated processes is
implied throughout this Letter, except where asymmetries
are discussed. The amplitudes in the SM are expected to
obey relations imposed by isospin symmetry [1–4,16–21].
However, measurements have revealed inconsistencies with
this expectation. The largest observed discrepancy is
between the measured direct CP asymmetries of the decays
B0 → Kþπ− and Bþ → Kþπ0. The difference between
ACPðB0 → Kþπ−Þ ¼ −0.084# 0.004 and ACPðBþ →
Kþπ0Þ ¼ 0.040# 0.021 is nonzero at 5.5 standard devia-
tions (σ), whereas equal asymmetries are expected based on

isospin arguments. A more accurate examination of this
anomaly, known as the K π puzzle, is through the sum rule

ACPðKþπ−Þ þ ACPðK0πþÞ BðK
0πþÞ

BðKþπ−Þ
τ0
τþ

¼ ACPðKþπ0Þ 2BðK
þπ0Þ

BðKþπ−Þ
τ0
τþ

þ ACPðK0π0Þ 2BðK
0π0Þ

BðKþπ−Þ
;

ð1Þ

proposed in Ref. [19], where ACPðKπÞ and BðKπÞ are the
CP asymmetries and the branching fractions of the
B → Kπ decays and τ0=τþ is the ratio of the B0 and Bþ

lifetimes. This sum rule predicts a nonzero direct
asymmetry of ACPðB0 → K0π0Þ ¼ −0.150# 0.032 using
current world averages for the other quantities [22]. The
current measurement of this quantity is 0.01# 0.10 [22].
The K π puzzle has been the subject of significant
theoretical attention, which includes more complete exami-
nation of the SM predictions as well as potential NP
sources of the discrepancies [1–4,16,18–21].
This Letter presents a measurement of direct CP asym-

metry in the decay Bþ → Kþπ0,

ACP ¼ ΓðB− → K−π0Þ − ΓðBþ → Kþπ0Þ
ΓðB− → K−π0Þ þ ΓðBþ → Kþπ0Þ

; ð2Þ

where ΓðB# → K#π0Þ refers to the rate of B# → K#π0

decays, using data recorded with the LHCb detector at the
CERN Large Hadron Collider. The data sample corre-
sponds to an integrated luminosity of 5.4 fb−1 collected at a
center-of-mass energy of 13 TeV between 2016 and 2018.
The LHCb detector [23,24] is a single-arm forward

spectrometer covering the pseudorapidity range 2 < η < 5.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding the
pp interaction region, a large-area silicon-strip detector
located upstream of a dipole magnet with a bending power

*Full author list given at the end of the Letter.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW LETTERS 126, 091802 (2021)
Editors' Suggestion

0031-9007=21=126(9)=091802(11) 091802-1 © 2021 CERN, for the LHCb Collaboration
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CP violation in B+
 → K+π0  

●  First analysis of a one-track decay at a hadron collider. 
●  Measurement of the direct CP asymmetry: 

arXiv:2012.12789 
Phys. Rev. Lett. 126 (2021) 091802 

The ACPðBþ → J=ψKþ Þ precision of 0.003 is considered
separately as an external-input uncertainty.
In conclusion, the direct CP asymmetry of the decay

Bþ → Kþ π0 has been measured with the LHCb detector
using a data sample corresponding to a luminosity of
5.4 fb−1. It is found to be

ACPðBþ → Kþ π0Þ ¼ 0.025 % 0.015 % 0.006 % 0.003;

where the first uncertainty is statistical, the second is
systematic, and the third due to external inputs, exceeding
the precision of the current world average [22]. This result
is consistent with the world average and consistent with
zero at approximately 1.5 σ. TheCP asymmetry difference,
ΔACPðKπÞ≡ ACPðBþ → Kþ π0Þ − ACPðB0 → Kþ π−Þ, is
found to be 0.108 % 0.017, where ACPðB0 → Kþ π−Þ is
taken from Ref. [22] (The world average includes the
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A measurement of CP violation in the decay Bþ → Kþπ0 is reported using data corresponding to an
integrated luminosity of 5.4 fb−1 collected with the LHCb experiment at a center-of-mass energy offfiffiffi
s

p
¼ 13 TeV. The CP asymmetry is measured to be 0.025# 0.015# 0.006# 0.003, where the

uncertainties are statistical, systematic, and due to an external input. This is the most precise measurement
of this quantity. It confirms and significantly enhances the observed anomalous difference between the
direct CP asymmetries of the B0 → Kþπ− and Bþ → Kþπ0 decays, known as the Kπ puzzle.
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Rare decays of heavy flavored hadrons that primarily
proceed through loop-level transitions are powerful probes
of the effects of new physics (NP) beyond the Standard
Model (SM). The family of B → Kπ decays is dominated
by hadronic loop amplitudes in the SM, but include
contributions from suppressed tree-level processes, as well
as electroweak loop-level processes through which NP may
affect the decay [1–4]. Studies of the decay B0 → Kþπ− at
the B-factory experiments led to the first observation of
direct CP violating asymmetries in the B system [5,6]
resulting from the interference of two decay amplitudes
where both the relative strong and weak phases are non-
zero. The observed asymmetries in these modes are a result
of the interference between tree- and loop-level amplitudes.
Further studies at the B-factory and Tevatron experiments
and at LHCb have provided measurements of the branching
fractions and CP asymmetries of the complete set of
B → Kπ decays: B0 → Kþπ− [7–10], Bþ → Kþπ0

[8,11], B0 → K0π0 [12,13], and Bþ → K0πþ [8,14,15],
where the inclusion of charge-conjugated processes is
implied throughout this Letter, except where asymmetries
are discussed. The amplitudes in the SM are expected to
obey relations imposed by isospin symmetry [1–4,16–21].
However, measurements have revealed inconsistencies with
this expectation. The largest observed discrepancy is
between the measured direct CP asymmetries of the decays
B0 → Kþπ− and Bþ → Kþπ0. The difference between
ACPðB0 → Kþπ−Þ ¼ −0.084# 0.004 and ACPðBþ →
Kþπ0Þ ¼ 0.040# 0.021 is nonzero at 5.5 standard devia-
tions (σ), whereas equal asymmetries are expected based on

isospin arguments. A more accurate examination of this
anomaly, known as the K π puzzle, is through the sum rule

ACPðKþπ−Þ þ ACPðK0πþÞ BðK
0πþÞ

BðKþπ−Þ
τ0
τþ

¼ ACPðKþπ0Þ 2BðK
þπ0Þ

BðKþπ−Þ
τ0
τþ

þ ACPðK0π0Þ 2BðK
0π0Þ

BðKþπ−Þ
;

ð1Þ

proposed in Ref. [19], where ACPðKπÞ and BðKπÞ are the
CP asymmetries and the branching fractions of the
B → Kπ decays and τ0=τþ is the ratio of the B0 and Bþ

lifetimes. This sum rule predicts a nonzero direct
asymmetry of ACPðB0 → K0π0Þ ¼ −0.150# 0.032 using
current world averages for the other quantities [22]. The
current measurement of this quantity is 0.01# 0.10 [22].
The K π puzzle has been the subject of significant
theoretical attention, which includes more complete exami-
nation of the SM predictions as well as potential NP
sources of the discrepancies [1–4,16,18–21].
This Letter presents a measurement of direct CP asym-

metry in the decay Bþ → Kþπ0,

ACP ¼ ΓðB− → K−π0Þ − ΓðBþ → Kþπ0Þ
ΓðB− → K−π0Þ þ ΓðBþ → Kþπ0Þ

; ð2Þ

where ΓðB# → K#π0Þ refers to the rate of B# → K#π0

decays, using data recorded with the LHCb detector at the
CERN Large Hadron Collider. The data sample corre-
sponds to an integrated luminosity of 5.4 fb−1 collected at a
center-of-mass energy of 13 TeV between 2016 and 2018.
The LHCb detector [23,24] is a single-arm forward

spectrometer covering the pseudorapidity range 2 < η < 5.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding the
pp interaction region, a large-area silicon-strip detector
located upstream of a dipole magnet with a bending power
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Table 8: Statistical correlations between the measured branching fraction ratios.
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B(B+!⇡+K+K�) �0.92 �0.03 0.31 0.92 — 0.32

B(B+!⇡+⇡+⇡�)
B(B+!K+⇡+⇡�) �0.01 �0.34 0.78 �0.08 0.32 —

also be taken into account. The statistical and systematic correlations are presented in
Tables 8 and 9, respectively. The statistical correlations are determined from ensembles
of pseudoexperiments. In each experiment, the ratios are calculated and the correlation
is obtained from the distribution of one ratio against another in the ensemble. Large
statistical correlations are observed between the two ratios that share a decay with a
yield that is small compared to that of the other decay channel in the ratios; this a↵ects
in particular pairs of ratios that have B+ ! ⇡+K+K� as a common channel. Ratios
which do not have any mode in common have smaller correlations, which can however be
non-zero due to the nature of the simultaneous fit from which the yields are obtained.

Correlations related to systematic uncertainties obtained from ensembles of pseudoex-
periments, as described in Sec. 6 are evaluated with the same method as the statistical
correlations. For those that are determined from the di↵erence between the results ob-
tained when a single variation is made and those in the baseline analysis, 100% correlation
or anticorrelation (depending on the relative sign of the shift) is assumed. For each
source of systematic uncertainty, these correlations are converted into a covariance matrix.
These are summed, and the total systematic covariance matrix thus obtained is converted
back into the total systematic correlation matrix. The size of the systematic correlations
is related to whether two ratios share dominant sources of systematic uncertainty. In
particular, for pairs of ratios with B+! ⇡+K+K� as a common channel, the uncertainty
due to limited knowledge of the background shapes induces significant correlations.

8 Summary

Data collected by the LHCb experiment in 2011 and 2012, corresponding to an integrated
luminosity of 3.0 fb�1, has been used to determine the relative branching fractions of the
B+ ! h+h0+h0� decays. The measured ratios relative to the B+! K+K+K� channel
are
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B(B+! ⇡+⇡+⇡�)/B(B+! K+K+K�) = 0.488± 0.005 (stat)± 0.009 (syst) .
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statistical correlations are observed between the two ratios that share a decay with a
yield that is small compared to that of the other decay channel in the ratios; this a↵ects
in particular pairs of ratios that have B+ ! ⇡+K+K� as a common channel. Ratios
which do not have any mode in common have smaller correlations, which can however be
non-zero due to the nature of the simultaneous fit from which the yields are obtained.

Correlations related to systematic uncertainties obtained from ensembles of pseudoex-
periments, as described in Sec. 6 are evaluated with the same method as the statistical
correlations. For those that are determined from the di↵erence between the results ob-
tained when a single variation is made and those in the baseline analysis, 100% correlation
or anticorrelation (depending on the relative sign of the shift) is assumed. For each
source of systematic uncertainty, these correlations are converted into a covariance matrix.
These are summed, and the total systematic covariance matrix thus obtained is converted
back into the total systematic correlation matrix. The size of the systematic correlations
is related to whether two ratios share dominant sources of systematic uncertainty. In
particular, for pairs of ratios with B+! ⇡+K+K� as a common channel, the uncertainty
due to limited knowledge of the background shapes induces significant correlations.

8 Summary

Data collected by the LHCb experiment in 2011 and 2012, corresponding to an integrated
luminosity of 3.0 fb�1, has been used to determine the relative branching fractions of the
B+ ! h+h0+h0� decays. The measured ratios relative to the B+! K+K+K� channel
are
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statistical correlations are observed between the two ratios that share a decay with a
yield that is small compared to that of the other decay channel in the ratios; this a↵ects
in particular pairs of ratios that have B+ ! ⇡+K+K� as a common channel. Ratios
which do not have any mode in common have smaller correlations, which can however be
non-zero due to the nature of the simultaneous fit from which the yields are obtained.

Correlations related to systematic uncertainties obtained from ensembles of pseudoex-
periments, as described in Sec. 6 are evaluated with the same method as the statistical
correlations. For those that are determined from the di↵erence between the results ob-
tained when a single variation is made and those in the baseline analysis, 100% correlation
or anticorrelation (depending on the relative sign of the shift) is assumed. For each
source of systematic uncertainty, these correlations are converted into a covariance matrix.
These are summed, and the total systematic covariance matrix thus obtained is converted
back into the total systematic correlation matrix. The size of the systematic correlations
is related to whether two ratios share dominant sources of systematic uncertainty. In
particular, for pairs of ratios with B+! ⇡+K+K� as a common channel, the uncertainty
due to limited knowledge of the background shapes induces significant correlations.

8 Summary

Data collected by the LHCb experiment in 2011 and 2012, corresponding to an integrated
luminosity of 3.0 fb�1, has been used to determine the relative branching fractions of the
B+ ! h+h0+h0� decays. The measured ratios relative to the B+! K+K+K� channel
are
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16Significant improvement in the 
precision. 
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●  Three-body B decays are of interest for CP violation and Dalitz plot analyses. 
●  Measurement of the branching             
fractions with Run I data.  
●  B±

 → K±π+π–,B±
 → π±π+π–,B±

 → π±K+K–        
relative to B±

 → K±K+K–	decays. 
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CP violation in B+
 → h+h–h+ 

●  Three-body B decays can proceed through a number of intermediate two-body resonances. 
●  Model-independent analysis of Run I data. 
●  Large integrated CP asymmetries and a rich pattern of local CP asymmetries. 
●  Motivation for further amplitude analyses to study the underlying dynamics. 

arXiv:1408.5373 
Phys. Rev. D 90 (2014) 112004 

B± → K±π+π−  B± → K±K+K− B± → π±π+π− B± → K±K+π− 

Integrated asymmetries 

2.8σ 

4.3σ 

4.2σ 

5.6σ 

Measurements of CP violation in the three-body phase
space of charmless B! decays

R. Aaij et al.*

(LHCb Collaboration)
(Received 25 August 2014; published 11 December 2014)

The charmless three-body decay modes B! → K!πþπ−, B! → K!KþK−, B! → π!KþK− and
B! → π!πþπ− are reconstructed using data, corresponding to an integrated luminosity of 3.0 fb−1,
collected by the LHCb detector. The inclusive CP asymmetries of these modes are measured to be

ACPðB! → K!πþπ−Þ ¼ þ0.025! 0.004! 0.004! 0.007;

ACPðB! → K!KþK−Þ ¼ −0.036! 0.004! 0.002! 0.007;

ACPðB! → π!πþπ−Þ ¼ þ0.058! 0.008! 0.009! 0.007;

ACPðB! → π!KþK−Þ ¼ −0.123! 0.017! 0.012! 0.007;

where the first uncertainty is statistical, the second systematic, and the third is due to the CP asymmetry
of the B! → J=ψK! reference mode. The distributions of these asymmetries are also studied as functions
of position in the Dalitz plot and suggest contributions from rescattering and resonance interference
processes.

DOI: 10.1103/PhysRevD.90.112004 PACS numbers: 14.40.Nd, 11.30.Er, 11.30.Hv

I. INTRODUCTION

The violation of CP symmetry is well established
experimentally in the quark sector and, in the Standard
Model (SM), is explained by the Cabibbo-Kobayashi-
Maskawa [1] matrix through the presence of a single
irreducible complex phase. Although the SM is able to
describe all CP asymmetries observed experimentally in
particle decays, the amount of CP violation within the SM
is insufficient to explain the matter-antimatter asymmetry
of the Universe [2].
The decays of B mesons with three charged charmless

mesons in the final state offer interesting opportunities to
search for different sources of CP violation, through the
study of the signature of these sources in the Dalitz plot.
Several theoretical studies modeled the dynamics of the
decays in terms of two-body intermediate states, such as

ρð770ÞK! or K
ð−Þ&0ð892Þπ! for B! → K!πþπ− decays, and

ϕð1020ÞK! for B! → K!KþK− decays (see e.g. Ref. [3]).
These intermediate states were identified through ampli-
tude analyses in which a resonant model was assumed. One
method of performing such analyses was used by the Belle
and the BABAR collaborations and significant CP violation
was observed in the intermediate ρ0K! state [4,5] and in the
ϕK! channel [6]. No significant inclusive CP asymmetry

(integrated over the Dalitz plot) was found in B! →
K!πþπ− or B! → K!KþK− decays [4,6]. Another method
is to measure the CP asymmetry in different regions of the
three-body phase space. The LHCb Collaboration mea-
sured nonzero inclusive CP asymmetries and larger local
asymmetries in the decays B! → K!πþπ−, B! →
K!KþK− [7], B! → π!KþK− and B! → π!πþπ− [8]
using a sample corresponding to 1.0 fb−1 of data. These
results suggested that final-state interactions may be a
contributing factor to CP violation [9,10].
Direct CP violation requires the existence of amplitudes

with differences in both their weak and their strong phases.
The value of the weak phase can be accessed through
interference between tree-level contributions to charmless
B decays and other amplitudes (e.g. penguins). The strong
phase can originate from three different sources in charm-
less three-body decays. The first source is related to short-
distance processes where the gluon involved in the penguin
contribution is timelike, i.e. the momentum transfer sat-
isfies q2 > 4m2

i , where mi represents the mass of either the
u or the c quark present in the loop diagram [11]. This
process is similar to that proposed for two-body decays
where CP violation is caused by short-distance processes
[12]. The remaining two sources are related to long-
distance effects involving hadron-hadron interactions in
the final state. Interference between intermediate states of
the decay can introduce large strong-phase differences, and
therefore induce local asymmetries in the phase space
[9,13–16]. Another mechanism is final-state KK ↔ ππ
rescattering, which can occur between decay channels
having the same flavor quantum numbers [7–10].
Conservation of CPT symmetry constrains hadron

* Full author list given at the end of the article.
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the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published articles title, journal citation, and DOI.
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CP violation in B+
 → π+K+K– 

●  First amplitude analysis of B+ → π+K+K− decays. 
●  Isobar model. 
●  Dedicated amplitudes for rescattering and 
single pole form-factor. 

arXiv:1905.09244 
Phys. Rev. Lett. 123 (2019) 231802 

Dominant contributions in red. 

KK ↔ ππ  rescattering: 
largest ever CP asymmetry for a 
single amplitude ~ −66%. 

K+π- 

K+K- 

Phys. Rev. D 71 (2005) 074016  
Phys. Rev. D 92 (2015) 054010  

B+ 	

B− 	

Miðm2
πþK− ; m2

KþK−Þ ¼ PiðJ; p⃗; q⃗ÞFBðjp⃗jÞFiðjq⃗jÞTi: ð2Þ

The factor Pi represents the angular part, which depends on
the spin J of the resonance. It is equal to 1, −2p⃗ · q⃗, and
4
3 ½3ðp⃗ · q⃗Þ2 − ðjp⃗jjq⃗jÞ2&, for J ¼ 0, 1, and 2, respectively; q⃗
is the momentum of one of the resonance decay products
and p⃗ is the momentum of the particle not forming the
resonance, both measured in the resonance rest frame. The
Blatt-Weisskopf barrier factors [32,33], FB for the Bmeson
and Fi for the resonance i, account for penetration effects
due to the finite extent of the particles involved in the
reaction. They are given by 1,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ z20Þ=ð1þ z2Þ

p
, andffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðz40 þ 3z20 þ 9Þ=ðz4 þ 3z2 þ 9Þ
p

for J ¼ 0, 1, and 2,
respectively, with z ¼ jq⃗jd or z ¼ jp⃗jd and d the penetra-
tion radius, taken to be 4.0 ðGeV=cÞ−1 ≈ 0.8 fm [34,35].
The value of z is z0 when the invariant mass is equal to the
nominal mass of the resonance. Finally, Ti is a function
representing the propagator of the intermediate state i. By
default a relativistic Breit-Wigner function [36] is used,
which provides a good description for narrow resonances
such as K'ð892Þ0. More specific line shapes are also used,
as discussed further below.
To determine the intermediate state contributions, a

maximum-likelihood fit to the distribution of the B( →
π( KþK− candidates in the Dalitz plot is performed using
the LAURA

++ package [37,38]. The total probability density
function (PDF) is a sum of signal and background
components, with relative contributions fixed from the
result of the B( → π( KþK− mass fit. The background
PDF is modeled according to its observed structures in the
highermðπ( KþK−Þ sideband, the contribution from B( →
K( πþπ− cross feed decays, using the model introduced by
the BABAR Collaboration [6], and an additional 0.6%
relative contribution from ϕð1020Þ mesons randomly
associated with a pion. The signal PDF for Bþ (B−) decays
is given by jAj2 (jĀj2) multiplied by a function describing
the variation of efficiency across the Dalitz plot. A
histogram representing this efficiency map is obtained
from simulated samples with corrections to account for
known differences between data and simulation. The Bþ

and B− candidates are simultaneously fitted, allowing for
CP violation. The CP asymmetry ACPi

and fit fraction FFi
for each component are given by

ACPi
¼ jc̄ij2 − jcij2

jc̄ij2 þ jcij2
¼ −2ðxiΔxi þ yiΔyiÞ

x2i þ ðΔxiÞ2 þ y2i þ ðΔyiÞ2
; ð3Þ

FFi ¼
R
ðjciMij2 þ jc̄iM̄ij2Þdm2

π( K∓dm2
KþK−R

ðjAj2 þ jĀj2Þdm2
π( K∓dm2

KþK−

: ð4Þ

The contribution of the possible intermediate states in the
total decay amplitude is tested through a procedure in
which each component is taken in and out of the model, and
that which provides the best likelihood is then maintained,

and the process is repeated. In some regions of the phase
space the observed signal yields could not be well
described with only known resonance states and line
shapes, and thus alternative parametrizations were also
tested.
In the π( K∓ system, a nonresonant amplitude

involving a single-pole form factor of the type
½1þm2ðπ( K∓Þ=Λ2&−1, as proposed in Ref. [14], is
included. This component, hereafter called single-pole
amplitude, is a phenomenological description of the par-
tonic interaction. The parameter Λ sets the scale for the
energy dependence and the proposed value of 1 GeV=c2

is used.
In the KþK− system, a dedicated amplitude accounting

for the ππ ↔ KK rescattering is used. It is expressed as the
product of the nonresonant single-pole form factor
described above and a scattering term that accounts for
the S-wave ππ ↔ KK transition amplitude, with isospin
equal to 0 and J ¼ 0, given by the off-diagonal term in the
Smatrix for the ππ andKK coupled channel. The scattering
term is expressed as

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ν2

p
e2iδ, where the inelasticity (ν)

and phase shift (δ) parametrizations are taken from
Ref. [39]. For the mass range 0.95 to 1.42 GeV=c2, where
the coupling ππ → KK is known to be important, these
parameters are given by

ν ¼ 1 −
"
ϵ1

k 2
s1=2

þ ϵ2
k 22
s

#
M02 − s

s
ð5Þ

and

cotδ ¼ C0

ðs −M2
sÞðM2

f − sÞ
M2

fs
1=2

jk 2j
k 22

; ð6Þ

with parameters set as given in Ref. [39].
For all models tested in the analysis, the channel

B∓ → K
ð−Þ

'ð892Þ0K∓ is used as reference, with its real part
x fixed to one, y and Δy fixed to zero, while Δx is free to
vary. The values of x, y, Δx, and Δy for all other
contributions are free parameters. The masses and widths
of all resonances are fixed [27].
The fit results are summarized in Table I. Seven

components are required to provide an overall good
description of data; three of them correspond to the
structure in the π( K∓ system, and four for the Kþ K−

system. Statistical uncertainties are derived from the fitted
values of x, y, Δx, Δy, with correlations and error
propagation taken into account; sources of systematic
uncertainty are also evaluated as described later.
The π( K∓ system is well described by the contributions

from the K'ð892Þ0 and K'
0ð1430Þ0 resonances plus the

single-pole amplitude. The inclusion of the latter provides a
better description of the data than that obtained from the
K'

0ð700Þ, K'
2ð1430Þ0, K'ð1410Þ0, and K'ð1680Þ0 resonan-

ces. The largest contribution is from the single-pole

PHYSICAL REVIEW LETTERS 123, 231802 (2019)
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CP violation in B+
 → π+π+π– 

●  Observation of several sources of CP violation in B+ → π+π+π- decays amplitude analysis. 
●  Three different S-wave models: isobar (sum of a σ-pole and KK ↔ ππ  rescattering term); 
K-matrix (parameters from scattering data) and QMI formalism (in bins of ππ mass). 
●  Large CP asymmetries associated with scalar S-wave and tensor f2(1270). 

●  Interference between P-wave ρ(770)0 and S-wave with change of sign: CPV with >25σ. 
●  First observation of CP violation in the interference between two quasi-two-body decays.  

Phys. Rev. Lett. 124 (2020) 031801 
Phys. Rev. D 101 (2020) 012006 

ACP(S-wave) = +0.144 ± 0.018 ± 0.021,          ACP(f2(1270)) = +0.468 ± 0.061 ± 0.047  	

below ρ(770)0 pole  above ρ(770)0 pole  
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Search for  
CP violation in Ξb

–
 → pK–K–  

arXiv:2104.15074 
Submitted to Phys. Rev. D 

 
5 fb-1 Run I and Run II data 
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Search for CPV in Ξb
–
 → pK–K– decays 

●  CP violation should also be present in b-baryon decays, special interest in 3-body. 
●  Run I and partial Run 2 datasets analysed separately. 

 

 
●  Also search for the previously unobserved Ωb

– → pK–K– decay. 
●  Upper limit on the ratio of fragmentation and branching fractions: 

arXiv:2104.15074 

Table 5: Results for the CP -asymmetry parameters. The statistical uncertainties are obtained
from pseudoexperiments while the systematic uncertainties are obtained following the procedure
described in Sec. 6.

Component ACP (10�2)

⌃(1385) �27± 34 (stat)± 73 (syst)

⇤(1405) �1± 24 (stat)± 32 (syst)

⇤(1520) �5± 9 (stat)± 8 (syst)

⇤(1670) 3± 14 (stat)± 10 (syst)

⌃(1775) �47± 26 (stat)± 14 (syst)

⌃(1915) 11± 26 (stat)± 22 (syst)

where the first uncertainty is statistical and the second includes only the uncorrelated
systematic e↵ects presented in Table 3. The negative log-likelihood functions for these
two results are added to obtain a combined result,

R ⌘
f⌦�

b

f⌅�
b

⇥ B(⌦�
b ! pK�K�)

B(⌅�
b ! pK�K�)

= (24± 21 (stat)± 14 (syst))⇥ 10�3 ,

where both uncorrelated and correlated systematic uncertainties are included. In the
combined result, it is implied that f⌦�

b
/f⌅�

b
, which may vary with centre-of-mass energy

of the LHC pp collisions, is an e↵ective value averaged over the Run 1 and Run 2 data
samples. This result is found to be consistent with, and more precise than, the previous
measurement [23]. No significant evidence of the ⌦�

b ! pK�K� decay is found, and
therefore an upper limit on R is calculated at 90 (95)% confidence level by integrating
the likelihood in the physical region of non-negative branching fraction,

R ⌘
f⌦�

b

f⌅�
b

⇥ B(⌦�
b ! pK�K�)

B(⌅�
b ! pK�K�)

< 62 (71)⇥ 10�3 .

Amplitude analysis: The results for the CP -asymmetry parameters for each component
of the signal model are shown in Table 5. No significant CP asymmetry is observed.
The fit fraction matrix is reported in Table 6. The diagonal elements correspond to
the fit fractions of the respective components, and the o↵-diagonal elements are the
interference fit fractions. These results are derived from the helicity couplings that are the
free parameters of the amplitude fit. Their statistical uncertainties are evaluated from an
ensemble of pseudoexperiments, while systematic uncertainties are obtained as described
in Sec. 6.

The significance of each component in the baseline model is evaluated using pseudo-
experiments. These are generated, each with a sample size corresponding to the data,
according to the best fit model with the component of interest removed from the model.
They are then fitted both with the model used to generate and with the model including
the component of interest. Twice the di↵erence between the negative log-likelihood values
obtained in these two fits (�2� lnL) is used as a test statistic. A p-value, corresponding
to the probability of observing �2� lnL values as large or larger than that found in the fit
to data, is found by extrapolating the tail of the distribution obtained from the ensemble

24

N(Ξ)=	193±21	
N(Ω)=	−4±6	

Run	I	

N(Ξ)=	297±23	
N(Ω)=	15±9	
Run	II	part	
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Search for CPV in Ξb
–
 → pK–K– decays 

●  First amplitude analysis of any b-baryon allowing for CP violation effects. 
●  Studied many possible pK– resonances, found 6 contributions. 
●  Measured fit fractions, interference fit fractions and CP-violating asymmetry: 

•  No significant CP asymmetry. 
•  Measurement of branching 

fractions of intermediate 
resonances. 

of pseudoexperiments. In order to account for dominant systematic uncertainties, this
procedure is performed for the alternative model that gives the smallest value of �2 lnL
in fits to data. The outcome is that the ⇤(1520) and ⇤(1670) components have p-values
corresponding to 12.0 � and 6.1 �, respectively. All other components have significance
below 3.5 �.

The branching fraction of each quasi-two-body contribution to the ⌅�
b ! pK�K� decay,

corresponding to an intermediate resonance R, can be obtained from its fit fraction Fi,

B(⌅�
b ! RK�) = B(⌅�

b ! pK�K�)⇥ Fi . (29)

The branching fraction of ⌅�
b ! pK�K� has not been measured directly, but the ratio

of fragmentation and branching fractions relative to the B� ! K+K�K� decay is
known [23]. This can be combined with the known values of B (B� ! K+K�K�) [35, 63,
64], f⌅�

b
/f⇤0

b
[44] and f⇤0

b
/ (fu + fd) [65], assuming that fu = fd, to obtain

B
�
⌅�

b ! pK�K�� = (2.3± 0.9)⇥ 10�6 ,

where the dominant uncertainty is that due to possible SU(3)-breaking e↵ects which a↵ect
f⌅�

b
/f⇤0

b
[44]. Consequently, the values of the quasi-two-body branching fractions are

found to be

B
�
⌅�

b ! ⌃(1385)K�� = (0.26± 0.11± 0.17± 0.10)⇥ 10�6 ,

B
�
⌅�

b ! ⇤(1405)K�� = (0.19± 0.06± 0.07± 0.07)⇥ 10�6 ,

B
�
⌅�

b ! ⇤(1520)K�� = (0.76± 0.09± 0.08± 0.30)⇥ 10�6 ,

B
�
⌅�

b ! ⇤(1670)K�� = (0.45± 0.07± 0.13± 0.18)⇥ 10�6 ,

B
�
⌅�

b ! ⌃(1775)K�� = (0.22± 0.08± 0.09± 0.09)⇥ 10�6 ,

B
�
⌅�

b ! ⌃(1915)K�� = (0.26± 0.09± 0.21± 0.10)⇥ 10�6 ,

where the uncertainties are statistical, systematic and due to the knowledge of
B
�
⌅�

b ! pK�K��, respectively.

8 Summary

The structure of ⌅�
b ! pK�K� decays has been studied through an amplitude analysis.

This is the first amplitude analysis of any b-baryon decay mode allowing for CP -violation
e↵ects. The analysis uses pp collision data recorded with the LHCb detector, corresponding
to integrated luminosities of 1 fb�1 at

p
s = 7TeV, 2 fb�1 at

p
s = 8TeV and 2 fb�1 atp

s = 13TeV. Due to the inclusion of more data and significantly improving the selection
procedure compared to the previous study of this channel [23], a yield of about 460 signal
decays within them(pK�K�) signal region is obtained, with a signal to background ratio of
about 2 : 1. A good description of the data is obtained with an amplitude model containing
contributions from ⌃(1385), ⇤(1405), ⇤(1520), ⇤(1670), ⌃(1775) and ⌃(1915) resonances.
The CP asymmetry for each contributing component is evaluated and no significant
CP -violation e↵ect is observed. The ⌅�

b ! ⇤(1520)K� and ⌅�
b ! ⇤(1670)K� decays

are observed with significance greater than 5 �, and their branching fractions measured,
together with those of ⌅�
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of pseudoexperiments. In order to account for dominant systematic uncertainties, this
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b
/f⇤0

b
[44] and f⇤0

b
/ (fu + fd) [65], assuming that fu = fd, to obtain

B
�
⌅�
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B
�
⌅�
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�
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B
�
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�
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�
⌅�
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B
�
⌅�
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The CP asymmetry for each contributing component is evaluated and no significant
CP -violation e↵ect is observed. The ⌅�

b ! ⇤(1520)K� and ⌅�
b ! ⇤(1670)K� decays

are observed with significance greater than 5 �, and their branching fractions measured,
together with those of ⌅�

b ! ⌃(1385)K�, ⌅�
b ! ⇤(1405)K�, ⌅�

b ! ⌃(1775)K� and
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b ! ⌃(1915)K� decays. No significant signal for ⌦�
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Search for CP violation and observation 
of P violation in Λb

0
 → pπ–π+π–  

arXiv:1912.10741  
Phys. Rev. D 102 (2020) 051101 

 
6.6 fb-1 Run I and Run II data 
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Search for CP violation in Λb
0
 → pπ–π+π–  

●  Previously, evidence of CP violation (3.3σ) in Λb
0

 → pπ–π+π– from Run I, and first evidence in 
any baryon decay. 
●  Larger current data sample, optimised selection. 
●  Search for CP and P violation using two methods: 

 1) Triple Product Asymmetries. 
 2) Unbinned energy test method. 

●  Sensitive to global (1) and local (1,2) asymmetries. 

arXiv:1912.10741  
Phys. Rev. D 102 (2020) 051101 

Nat. Phys. 13, 391 (2017) 

N(Λ)=	27600	signal	events	

Eduardo Rodrigues FPCP 2020, 11th June 2020 11/18

❑ Scalar triple products from momenta of 3 final-state particles
(in the rest frame of the mother particle)

❑ Triple product (T-odd) asymmetries
(by construction largely insensitive to global production and detector-induced charge asymmetries)

❑ CP and P violating asymmetries

Intermezzo – Triple Product Asymmetries (TPAs)
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Observation of P violation in Λb
0
 → pπ–π+π–  

●  Triple product asymmetries integrated in phase space: 
●  Observation of Parity violation at 5.5σ. 
●  CP conserved at 2.9σ. 

●  Local asymmetries in two binning schemes of phase space: 

●  The energy test method also confirms local P violation (5.3σ) and CP conservation (3.0σ). 

arXiv:1912.10741  
Phys. Rev. D 102 (2020) 051101 

Eduardo Rodrigues FPCP 2020, 11th June 2020 13/18

Run 1 & 2 analysis of /𝒃𝟎 → 𝒑 𝝅− 𝝅+ 𝝅− – integrated TPA results

❑ TPAs integrated over the phase-space

❑ Observation of P violation at 5.5s

❑ CP conserved at > 2.9s

Indication of local large  
P-violation contribution from  
Λb

0
 → pa1(1260)– decay at 5.5σ.   
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Conclusions 

•  Charmless b-meson and b-baryon decays provide a fertile environment for studies of 

CP violation, hadronic effects and searches for new physics. 

•  LHCb continues to produce fantastic measurements of these decay channels: 

•  First observation of time-dependent CP violation in Bs
0 decays. 

•  Enhancement of the Kπ puzzle. 

•  Large asymmetries in three-body B+ decays. 

•  New searches in the b-baryon sector. 

•  More analyses of Run II data are underway. 

•  The upgraded LHCb detector will bring more new exciting results soon. 


