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CPV in b-baryons
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‣ b-baryon sector, relatively unexplored territory to search for CPV,

‣ LHCb is a b-baryon factory, one Λ0b for every two B0 :

‣ Rich structures in multibody decays could enhance CPV sensitivities

sizeable amount of CPV predicted in CKM mechanism

‣ Complementary fields to test CKM mechanism and search for new 
sources of CPV w.r.t. B-meson

opens a new field for precision measurements in flavour physics



Search for CPV in Λ0b,Ξ0b→ p3h decays
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‣ Potential non negligible CPV effects in SM

The asymmetry between matter and antimatter is related to the violation of the1

CP symmetry (CPV), where C and P are the charge-conjugation and parity operators.2

CP violation is accommodated in the Standard Model (SM) of particle physics by the3

Cabibbo-Kobayashi-Maskawa (CKM) mechanism that describes the transitions between4

up- and down-type quarks [1, 2], in which quark decays proceed by the emission of a5

virtual W boson and where the phases of the couplings change sign between quarks6

and antiquarks. However, the amount of CPV predicted by the CKM mechanism is not7

su�cient to explain our matter-dominated Universe [3, 4] and other sources of CPV are8

expected to exist. The initial discovery of CPV was in neutral K meson decays [5], and9

more recently it has been observed in B0 [6, 7], B+ [8–11], and B0
s [12] meson decays,10

but it has never been observed in the decays of any baryon. Decays of the ⇤0
b (bud)11

baryon to final states consisting of hadrons with no charm quarks are predicted to have12

non-negligible CP asymmetries in the SM, as large as 20% for certain three-body decay13

modes [13]. It is important to measure the size and nature of these CP asymmetries,14

to determine whether they are consistent with the CKM mechanism or, if not, what15

extensions to the SM would be required to explain them [14–16].16

The decay processes studied in this article, ⇤0
b ! p⇡�⇡+⇡� and ⇤0

b ! p⇡�K+K�,17

are mediated by the weak interaction and governed mainly by two amplitudes of similar18

magnitude from di↵erent diagrams describing quark-level b ! uud transitions, as shown19

in Fig. 1. Throughout this paper the inclusion of charge-conjugate reactions is implied,20

unless otherwise indicated. CPV could arise from the interference of two amplitudes with21

relative phases that di↵er between particle and antiparticle decays, leading to di↵erences22

in the ⇤0
b and ⇤0

b decay rates. The main source of this e↵ect in the SM would be the23

large phases of the CKM matrix elements Vub and Vtd, which are present in the di↵erent24

diagrams depicted in Fig. 1. Parity violation (PV) is also expected in weak interactions,25

but has never been observed in ⇤0
b decays.26

To search for CP -violating e↵ects one needs to measure CP -odd observables, which27
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Figure 1: Dominant Feynman diagrams for ⇤0
b ! p⇡�⇡+⇡� and ⇤0

b ! p⇡�K+K�

transitions. The two diagrams show the transitions that contribute most strongly to ⇤0
b !

p⇡�⇡+⇡� and ⇤0
b! p⇡�K+K� decays. In both cases, a pair of ⇡+⇡� (K+K�) is produced by

gluon emission from the light quarks (u,d). The di↵erence is in the b quark decay that happens
on the left through a virtual W� boson emission (“tree diagram”) and on the right as a virtual
W� boson emission and absorption together with a gluon emission (“loop diagram”). The
magnitudes of the two amplitudes are comparable, and each is proportional to the product of
the CKM matrix elements involved, which are shown in the figure.
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large relative weak phase from CKM elements, arg(VtbVtd*/VubVud*)=𝛼

‣ Triple product asymmetries (TPA) used in search for CPV in 
Λ0b→pπ–π+π–,Λ0b→pπ–K+K-,Λ0b→pK–π+π-,Λ0b→pK–K+K–, and 
Ξ0b→pπ+K–K– decays 

I.I. Bigi, arXiv:1608.06528
M. Gronau, J.Rosner, PLB749 (2015) 104-107

W. Bensalem et al., PLB538 (2002) 309-320
W. Bensalem et al., PRD66 (2002) 094004



TPA technique 
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‣  Triple products in Λ0b rest frame

‣           asymmetries:T̂ -odd

T̂ = motion reversal operator

‣ CP-violating observable:
‣ P-violating observable:

aT̂ -odd
P =

1

2
(AT̂ + ĀT̂ )

/ sin�

/ sin�

K or π choice ambiguity 
resolved by taking fast 
momentum in Λ0b rest frame.



Sensitivity to CPV
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  are insensitive to‣ By construction    ,
✓ particle/antiparticle production asymmetries
✓ detector-induced charge asymmetries

aT̂ -odd
P

⟹ reduced systematic uncertainties

‣ Complementary approach to ACP analysis

‣ Sensitive to potential new physics effects:
W. Bensalem, A. Datta, and D. London, New physics effects on triple product 
correlations in Λ0b decays,  Phys. Rev. D66 (2002) 094004, arXiv:hep-ph/0208054

ACP =
N⇤b �N⇤̄b

N⇤b +N⇤̄b

,      ,          and

aT̂ -odd
CP / cos (�even � �odd) sin ('even � 'odd)

ACP / sin (�1 � �2) sin ('1 � '2)

not sensitive if 𝛿even–𝛿odd = π/2 or 3π/2

not sensitive if 𝛿1–𝛿2 = 0 or π

G.Durieux, Y.Grossman, 
PRD92 (2015) 076013
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reminder:
AT̂ (CT̂ ) =

N(CT̂>0)�N(CT̂<0)
N(CT̂>0)+N(CT̂<0)

AT̂ (C T̂ ) =
N(�CT̂>0)�N(�CT̂<0)

N(�CT̂>0)+N(�CT̂<0)

=(–3.71±1.45±0.32)%
=(1.15±1.45±0.32)%

aT̂ -odd
P

aT̂ -odd
CP

Phase space integrated 
results consistent with P 
or CP symmetry

‣ For Λ0b→pπ-K+K-:

‣ For Λ0b→pπ-π+π-:

=(3.62±4.54±0.42)%
=(–0.93±4.54±0.42)%

aT̂ -odd
P

aT̂ -odd
CP

Run1, 3fb-1
Nature Phys. 13 (2017) 391-396 

CPV measurements in Λ0b→pπ–π+π–,pπ–K+K–
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CPV measurements in Λ0b→pπ–π+π–,pπ–K+K–
Nature Phys. 13 (2017) 391-396 

‣ Measurements in different regions of phase space of Λ0b→pπ–π+π–

enhance sensitivity to localised CPV effects

∆++ ρ(770)

N*

✓ Scheme A: on dominant resonances, ∆++,N*,ρ(770)

✓ Scheme B: on 𝚽 angle between 
decay planes π+π-slow and pπ-fast

exploits more the interference of 
P-even and P-odd contributions
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CPV measurements in Λ0b→pπ–π+π–,pπ–K+K–
Nature Phys. 13 (2017) 391-396 
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✓ Scheme A: on dominant 
resonances, ∆++,N*,ρ(770)

✓ Scheme B: on 𝚽 angle between 
decay planes π+π-slow and pπ-fast

‣ Measurements in different regions of phase space of Λ0b→pπ–π+π–

‣ Combined results of two schemes: 3.3σ deviation from CP symmetry
The first evidence of CPV in the baryon sector

enhance sensitivity to localised CPV effects

Run1, 3fb-1
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aT̂�odd
P

aT̂�odd
CP

=(-0.60±0.84±0.31)%
=(-0.81±0.84±0.31)%

‣ For Λ0b→pK-π+π-:

aT̂�odd
P

aT̂�odd
CP

=(-1.56±1.51±0.32)%
=(1.12±1.51±0.32)%

‣ For Λ0b→pK-K+K-:

aT̂�odd
P

aT̂�odd
CP

=(-3.04±5.19±0.36)%
=(-3.58±5.19±0.36)%

‣ For Ξ0b→pπ+K-K-:

Phase space integrated 
results consistent with P 
or CP symmetry

CPV in Λ0b→pK–π+π–,pK–K+K–, Ξ0b→pπ+K–K– 
arXiv: 1805.03941, submitted to JHEP

reminder:
AT̂ (CT̂ ) =

N(CT̂>0)�N(CT̂<0)
N(CT̂>0)+N(CT̂<0)

AT̂ (C T̂ ) =
N(�CT̂>0)�N(�CT̂<0)

N(�CT̂>0)+N(�CT̂<0)

Run1, 3fb-1
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‣ Measurements in different regions of phase space of Λ0b→pK-π+π-

CPV in Λ0b→pK–π+π–,pK–K+K–, Ξ0b→pπ+K–K– 
arXiv: 1805.03941, submitted to JHEP

✓ Binning on dominant resonances, ∆++,K*(892)0,f0(980)

∆++ K*(892)0 f0(980)

✓ Binning on 𝚽 angle between 
decay planes pK- and π+π-

exploits more the interference of 
P-even and P-odd contributions

K-

π+

π-
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Binning on dominant resonances, 
∆++,K*(892)0,f0(980)

Binning on 𝚽 angle between 
decay planes pK- and π+π-
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‣ Consistent with P or CP symmetry

‣ Measurements in different regions of phase space of Λ0b→pK-π+π-

CPV in Λ0b→pK–π+π–,pK–K+K–, Ξ0b→pπ+K–K– 
arXiv: 1805.03941, submitted to JHEP

Run1, 3fb-1
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‣ Measurements in different regions of phase space of Λ0b→pK-K+K-

CPV in Λ0b→pK–π+π–,pK–K+K–, Ξ0b→pπ+K–K– 
arXiv: 1805.03941, submitted to JHEP

✓ Binning on dominant resonances, Λ*, 𝛟

✓ Binning on 𝚽 angle between 
decay planes pK-fast and K+K-slow

exploits more the interference of 
P-even and P-odd contributions

Λ* 𝛟

K-fast

K+

K-slow
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Binning on dominant resonances, 
Λ*, 𝛟

Binning on 𝚽 angle between 
decay planes pK-fast and K+K-slow

‣ Consistent with P or CP symmetry
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‣ Measurements in different regions of phase space of Λ0b→pK-K+K-

CPV in Λ0b→pK–π+π–,pK–K+K–, Ξ0b→pπ+K–K– 
arXiv: 1805.03941, submitted to JHEP

Run1, 3fb-1
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First observation of Λ0b→p𝜒c0(1P)K–
arXiv: 1805.03941, submitted to JHEP
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Run1, 3fb-1
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First BF measurements of Λ0b,Ξ0b→ p3h
JHEP 1802(2018) 098

‣ Λ0b→Λ+cπ- normalisation channel. Simultaneous fit to signal and 
normalisation candidates.
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Summary
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Thank you!

‣ Evidence of CPV found in Λ0b→pπ-π+π- decays with a statistical 
significance of 3.3σ. This represents the first evidence of CPV in 
baryon sector.

‣ Theoretical predictions for CPV in b-baryon decays needed to confront 
with precision measurements.

‣ LHCb opens new window to search for CPV in baryon decays. 
Many b-baryon decays observed for the first time.

‣ Search for CPV using TPA has been performed in Λ0b,Ξ0b→ p3h 
decays using Run 1 data. With the data collected in Run2, these 
analyses will be updated to increased sensitivity.



BACK UP



Significance of CPV using permutation tests
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Permutation test based on resampling technique using signal 
sample: randomly assign      flavour to each event, and define CT 
sign only if a different flavour assigned, as follows:
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Nature Phys. 13 (2017) 391-396 


