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•  violation arises from complex phase in CKM 
matrix

• Observed in a many meson decays over the last 60 
years

• Still no observation in baryon decays

•  effects seem to be smaller there, why?
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Indirect CPV in  
[PRL 13 (1964)]

KL → π+π−

Direct CPV in  
[IJMP A (2000) ]
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CPV in  decays 
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CPV in baryons?
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• Charmless decays of beauty baryons are a promising 
direction

• Tree-level transitions suppressed  interference with 
penguin contributions might enhance 

• Theoretical predictions difficult because of large QCD 
uncertainties 

• Overlooked in favour of mesons until now

→
CPV
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LHC seminar, Mar 26th 2024 Roberto Ribatti | Mixing and CPV in D0→K+π−

What's charming in Charm physics?

● A single complex phase in CKM matrix is the only 
measured source of CPV 

→ can’t account for baryonic asymmetry observation
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● In Charm, CPV and flavour changing neutral currents are extremely suppressed in SM  
→ powerful probe for new interactions at energy scales ≫ colliders’ energy

● Charm is the only up-type quark that mixes and allows 
high precision CP violation (CPV ) measurements 

1.3. Two-body b-hadron decays
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Figure 1.6: Feynman diagrams of processes contributing to two-body charmless B meson decays:
tree-level (T ), QCD penguin (P ), electroweak penguin (PEW), penguin annihilation (PA), and
exchange (E). The equivalent diagrams for baryon decays can be easily obtained by adding one
spectator quark line.

QCD Light-Cone Sum-Rules: computations of hadronic two-body B decay ampli-
tudes have been shown to be feasible with QCD sum rules as well [61–63].

Let us now focus on the phenomenology of charmless two-body b-hadron decays, which
we will generally refer to as Hb! h
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�2. Many different observables can be studied for these decays, such as branching
fractions, integrated CP asymmetries, as well as time-dependent CP asymmetries for
neutral B mesons. This group of decays have been extensively studied both at past and
present accelerator facilities [7,13,64–80]. The discussion above regarding the computation
of the decay amplitudes for hadronic two-body decays of b-hadrons naturally applies also
to the subgroup of charmless decays, but in this case the interpretation of the experimental
results is not simple, because of the sizable contributions from penguin topologies that
these decays contain alongside the tree-level transitions, making it harder to evaluate the
underlying CKM phases. On the other hand, the higher relative size of loop diagrams to
the total decay amplitude allows for possible New Physics (NP) contributions to amplify
CP -violating effects.

In the SM, the topologies contributing to the B ! h
+
h
0� decay amplitudes [81] are

tree-level (T ), QCD penguin (P ), electroweak penguin (PEW), penguin annihilation (PA),
and exchange (E), which are shown in Figure 1.6. The T , P , and PEW topologies have in
common the presence of a spectator quark, while in PA and E all initial- and final-state
quarks are involved. The latter are expected to be suppressed by a factor fB/mB ⇡ 5%,
2
From now on, the inclusion of CP -conjugate decays is implied throughout this document.
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The LHCb detector (Run 1-2)
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VELO 
 σ(IP) = 15 + 29/pT μm

σ(t) ≈ 45 fs

RICH1/2 
 ε(K → K) ≈ 95 %

ε(π → K) ≈ 5 %

Tracking system 
 

σp

p
≤ 1 %

p ∈ [20,200] GeV

MUON 
ε(μ) > 95 %

ECAL 
σ(E)

E
=

13 %

E
⊕

32 %
E

⊕ 5 %

 2 < η < 5
30 − 250 mrad

[JINST 3 (2008)]
[IJMP. A30 (2015)]

Run 1: , ℒ = 3 fb−1 s = 7,8 TeV
Run 2: , ℒ = 6 fb−1 s = 13 TeV

HCAL 
σ(E)

E
=

70 %

E
⊕ 10 %

https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005
https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227


•  in baryons still relatively unexplored

• Tree-level transition suppressed  penguin 
contribution to  could enhance  

-violating effects

Similar diagrams to  
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1 Introduction1

The violation of the CP symmetry (CPV) is described in the Standard Model (SM)2

through the presence of a complex phase in the Cabibbo-Kobayashi-Maskawa (CKM)3

matrix, that describes the transitions between up- and down-type quarks [1, 2]. However,4

the amount of CPV in the SM is insu�cient to explain the baryon asymmetry of the5

Universe [3].6

The first observation of CPV dates back to the 1960s in neutral kaon decays [4], and7

much later was also observed in the B
0 [5,6] and B
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s

systems [7]. A few years ago, in 2019,8

LHCb reported also the first observation of CPV in charm decays [8]. To date, however,9

CPV is still unobserved in the baryon sector. In 2016, LHCb reported an evidence of CPV10

in the ⇤
0
b
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�1 decay [9] with a significance of 3.3�, but the updated measurement11

in Ref. [10] did not confirm this.12

The decays of the ⇤
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(bud) baryon to two-body charmless final states, pK
� or p⇡

�,13

are a promising place to search for CPV that may arise from the interference between tree14

and penguin topologies that contribute to the decay amplitudes, given a nonzero strong15

and weak relative phases. Examples of Feynman diagrams contributing to the ⇤
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16

and ⇤
0
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� decays are shown in Fig. 1. In the generalised factorisation approach [11],
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Figure 1: Examples of Feynman diagrams representing (top left) the penguin EW topology,
(top right) the penguin QCD topology and (bottom) the tree-level topology contributing to
⇤
0
b
! pK

� (b ! suū transition) and ⇤
0
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! p⇡

� decays (b ! duū transition).
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•  in baryons still relatively unexplored

• Tree-level transition suppressed  penguin 
contribution to  could enhance  

-violating effects

• Similar diagrams to  

CPV

→
Λ0

b → ph−

CP

B0 → K+π− (ACP = 8%)

Measurement of  asymmetries with  decaysCP Λ0
b → ph−
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� (b ! suū transition) and ⇤
0
b
! p⇡

� decays (b ! duū transition).
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�decays(b!duūtransition).

17

1Unlessexplicitlystated,chargeconjugationisassumedthroughoutthisdocument.

1



• Update of Run 1 measurement and addition of 
Run 2 sample 

• Run 1 precision improved thanks to  and 
 measurement 

• Run 2:  control sample to remove 
 contribution

• New data-driven techniques for trigger-induced 
corrections

• Better control of uncertainties from PID 

(ℒ = 9 fb−1)
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Measurement of  asymmetries with  decaysCP Λ0
b → ph−

8A. Villa Search for CPV in charmless decays of beauty baryons at LHCb

2 2.5 3 3.5 4
y 0

bΛ

2−

0

2

4

6

8

10 [%
]

PA

Magnet up
Average
Magnet down

 1−fb, 1TeV = 7s
LHCb

2 2.5 3 3.5 4
y 0

bΛ

2−

0

2

4

6

8 [%
]

PA

Magnet up
Average
Magnet down

 1−fb, 2TeV = 8s
LHCb

[JHEP 10 (2021)]
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• New Run 2 measurement: 
 
   

• Combination with updated Run 1 results: 
 
      

• No evidence of  violation

• Not dominated by systematics anymore

• improvement over current PDG average 

ACP(Λ0
b → pK−) = (−1.39 ± 0.75(stat) ± 0.41(syst)) %

ACP(Λ0
b → pπ−) = (0.42 ± 0.93(stat) ± 0.42(syst)) %

ACP(Λ0
b → pK−) = (−1.14 ± 0.67 ± 0.36) %

ACP(Λ0
b → pπ−) = (0.20 ± 0.83 ± 0.37) %

CP

3 ×

Measurement of  asymmetries with  decaysCP Λ0
b → ph−
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New!
[LHCb-PAPER-2024-048], in preparation

Preliminary

Figure 1: Invariant-mass distributions of the 2018 magnet down sample: (top left) mpK� , (top
right) mpK+ , (bottom left) mp⇡� and (bottom right) mp⇡+ for candidates passing the (top)
SpK� and (bottom) Sp⇡� selections. The results of the fits are also drawn.

Run 1 sample in Ref. [40] as a function of proton momentum. The same values are used to239

obtain the Run 2 values of the proton detection asymmetries on the signal sample, given240

that the LHCb detector material did not change between the two data-taking campaigns.241

This approach is supported by the kaon and pion detection asymmetries, for which the242

Run 1 and Run 2 values are found to be compatible with each other. For all three types243

of final-state particle, a weighted average of the kinematically dependent asymmetries is244

evaluated over the background-subtracted [50] kinematic distributions of pions, kaons,245

and protons from ⇤0
b! pK�, ⇤0

b! p⇡�, and ⇤0
b! ⇤+

c ⇡
� decays to obtain the integrated246

detection asymmetries.247

The PID asymmetries are computed according to Equation (6), where the PID248

e�ciencies for a final state f , "fPID, are obtained by integrating two-dimensional maps of249
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This approach is supported by the kaon and pion detection asymmetries, for which the242

Run 1 and Run 2 values are found to be compatible with each other. For all three types243

of final-state particle, a weighted average of the kinematically dependent asymmetries is244

evaluated over the background-subtracted [50] kinematic distributions of pions, kaons,245

and protons from ⇤0
b! pK�, ⇤0

b! p⇡�, and ⇤0
b! ⇤+

c ⇡
� decays to obtain the integrated246

detection asymmetries.247

The PID asymmetries are computed according to Equation (6), where the PID248

e�ciencies for a final state f , "fPID, are obtained by integrating two-dimensional maps of249
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• Large  found in  rescattering 
regions of  decays

• Light resonances could play a role in ?

• Similar dynamics involved in  
decays

•  predictions:  
 predictions: 

CPV ππ ↔ KK
B± → h±h′￼+h′￼′￼−

CPV

Λ0
b/Ξ0

b → Λh+h′￼−

BF 10−7 − 10−6

ACP 0 − 4 %

Study of  and  decays to  final statesΛ0
b Ξ0

b Λh+h′￼−
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B± → π±π+π−

ACP ∼ 30 %

[PRD 108 (2023)]

B± → π±K+K−

ACP ∼ 36 %

[PRD 108 (2023)]

[EPJC 76 (2016)][PRD 69 (2004)][PRD 58 (1998)]
[PRD 99 (2019)] [PRD 107 (2023)][PRD 95 (2017)]

https://doi.org/10.1103/PhysRevD.108.012008
https://doi.org/10.1103/PhysRevD.108.012008
https://doi.org/10.1103/PhysRevD.58.096013
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.053009
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.093001
https://link.springer.com/article/10.1140/epjc/s10052-016-4255-x
https://doi.org/10.1103/PhysRevD.69.017901
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.054020


• New LHCb study of  
with the full Run 1+2 dataset 

• Measurement of all 6 s and  asymmetries 
in 4 of the channels 

•  used for normalisation

Λ0
b/Ξ0

b → Λ( → pπ−)h+h′￼−

(ℒ = 9 fb−1)

BF CP

Λ0
b → Λ+

c ( → Λπ+)π−

Study of  and  decays to  final statesΛ0
b Ξ0

b Λh+h′￼−
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�ACP (⇤
0
b/⌅

0
b ! f) = ACP (⇤

0
b/⌅

0
b ! f)�ACP (⇤

0
b ! ⇤+

c (! ⇤⇡+)⇡�)

1

Table 1: The signal yield and (upper limit of) CP averaged branching fraction (B) for each
decay mode. The uncertainties are statistical, systematic and due to the branching fraction of
the control mode.

Decay Yield B (⇥10�6)
⇤0

b! ⇤⇡+⇡� (6.4 ± 0.4 )⇥ 102 5.3± 0.4 (stat)± 0.5 (syst)± 0.5 (norm)
⇤0

b! ⇤K+⇡� (6.18± 0.32)⇥ 102 4.6± 0.2 (stat)± 0.4 (syst)± 0.5 (norm)
⇤0

b! ⇤K+K� (1.92± 0.04)⇥ 103 10.7± 0.3 (stat)± 0.4 (syst)± 1.1 (norm)
⌅0

b ! ⇤⇡+⇡� (5.6 ± 2.7 )⇥ 101 11.0± 2.6 (stat)± 1.4 (syst)± 3.8 (norm)
⌅0

b ! ⇤K�⇡+ (1.19± 0.15)⇥ 102 10.4± 1.4 (stat)± 1.2 (syst)± 3.5 (norm)

⌅0
b ! ⇤K+K� (1.2 ± 0.9 )⇥ 101

1.2± 0.7 (stat)± 0.6 (syst)± 0.4 (norm)
< 2.4(2.8) at 90% (95%) C.L.

The branching fraction (B) ratio of a signal decay to that of the control mode is95

measured according to96

B (⇤0
b (⌅

0
b )! ⇤h+h0�)

B (⇤0
b! ⇤+

c (! ⇤⇡+) ⇡�)
=

N⇤0
b(⌅0

b )!⇤h+h0�

N⇤0
b!⇤+

c (!⇤⇡+)⇡�
⇥

✏⇤0
b!⇤+

c (!⇤⇡+)⇡�

✏⇤0
b(⌅0

b )!⇤h+h0�
⇥

f⇤0
b

f⇤0
b(⌅

0
b )

, (1)

where N and ✏ are the yield and e�ciency for the considered decay, respectively, and97

the final factor is the ratio of b-quark fragmentation fractions [43, 44]. The yields are98

determined as described previously through the fit to data while the e�ciencies are99

determined from simulation. In the simulation the pT and rapidity distributions of the ⇤0
b100

baryon [45], as well as the Dalitz plot of the ⇤0
b/⌅

0
b decays, are corrected to match those101

in data. The e�ciencies are at the level of 10�4, with the e�ciency ratio in the range102

0.8–2.9 depending on the signal channel. For ⌅0
b decays, due to the limited statistics,103

the pT and rapidity are not corrected. Instead, a 10% systematic uncertainty is assigned104

to the e�ciency. The branching fraction results are summarized in Table 1, where the105

uncertainties are statistical, systematic and due to the branching fraction of the control106

channel. [43,46]. As no significant contribution from the ⌅0
b ! ⇤K+K� decay is found,107

upper limits are determined on its branching fraction at 90% and 95% confidence levels,108

by integrating the positive side of the profile likelihood [47].109

Four channels with su�ciently high yields, including three ⇤0
b decay modes and the110

⌅0
b ! ⇤K�⇡+ decay mode, are selected for further investigation of CP violation. The CP111

asymmetry, ACP (⇤0
b/⌅

0
b ! f), is defined as112

ACP (⇤0
b/⌅

0
b ! f) ⌘ �(⇤0

b/⌅
0
b ! f)� �(⇤0

b/⌅
0
b! f)

�(⇤0
b/⌅

0
b ! f) + �(⇤0

b/⌅
0
b! f)

, (2)

where � is the partial decay rate. The raw asymmetry of signal yields between baryon113

and antibaryon decays, denoted as ACP
raw, is first extracted directly from the mass fits.114

This is then corrected to account for two factors: the asymmetry of the baryon and115

antibaryon production rates, AP, and the asymmetry of the final-state detection and116

selection e�ciencies, Aexp. To reduce systematic uncertainties, the di↵erence between the117

CP asymmetry of each signal decay and the ⇤0
b! ⇤+

c (⇤⇡
+)⇡� decay, �ACP , is measured.118

Assuming there is no CP violation for the control mode, valid to a high precision in the119

SM, �ACP gives the measurement of the CP asymmetry for the signal decay.120

3

�ACP (⇤
0
b/⌅

0
b ! f) = ACP (⇤

0
b/⌅

0
b ! f)�ACP (⇤

0
b ! ⇤+

c (! ⇤⇡+)⇡�)

1

[LHCb-PAPER-2024-043], in preparation
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ℬ(Λ0
b → Λπ+π−) = (5.3 ± 0.4 ± 0.5 ± 0.5(norm)) × 10−6

ℬ(Λ0
b → ΛK+π−) = (4.6 ± 0.2 ± 0.4 ± 0.5(norm)) × 10−6

ℬ(Λ0
b → ΛK+K−) = (10.7 ± 0.3 ± 0.4 ± 1.1(norm)) × 10−6

ℬ(Ξ0
b → Λπ+π−) = (11.0 ± 2.6 ± 1.4 ± 3.8(norm)) × 10−6

ℬ(Ξ0
b → ΛK−π+) = (10.4 ± 1.4 ± 1.2 ± 3.5(norm)) × 10−6

ℬ(Ξ0
b → ΛK−K+) < 2.4 × 10−6 (90% CL)

Study of  and  decays to  final statesΛ0
b Ξ0

b Λh+h′￼−
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New!
[LHCb-PAPER-2024-043], in preparation
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Figure 5: Distributions of m(⇤h+h�) for (a)(b) ⇤0
b(⌅

0
b ) ! ⇤K+K�, (c) ⇤0

b! ⇤K+⇡�,
(d) ⌅0

b ! ⇤K�⇡+ and (e)(f) ⇤0
b(⌅

0
b ) ! ⇤K+K� decay modes, together with the fit results,

where (a)(c)(e) are selected with the NS/(
p
NB +NS) F.o.M., focusing on the ⇤0

b studies, while
(b)(d)(f) are selected with the NS/(

p
NB + 2.5) F.o.M. for ⌅0

b studies.
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Figure 5: Distributions of m(⇤h+h�) for (a)(b) ⇤0
b(⌅

0
b ) ! ⇤K+K�, (c) ⇤0

b! ⇤K+⇡�,
(d) ⌅0

b ! ⇤K�⇡+ and (e)(f) ⇤0
b(⌅

0
b ) ! ⇤K+K� decay modes, together with the fit results,

where (a)(c)(e) are selected with the NS/(
p
NB +NS) F.o.M., focusing on the ⇤0

b studies, while
(b)(d)(f) are selected with the NS/(

p
NB + 2.5) F.o.M. for ⌅0

b studies.
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0
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0
b ) ! ⇤K+K� decay modes, together with the fit results,

where (a)(c)(e) are selected with the NS/(
p
NB +NS) F.o.M., focusing on the ⇤0

b studies, while
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NB + 2.5) F.o.M. for ⌅0
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ℬ(Λ0
b → Λπ+π−) = (5.3 ± 0.4 ± 0.5 ± 0.5(norm)) × 10−6

ℬ(Λ0
b → ΛK+π−) = (4.6 ± 0.2 ± 0.4 ± 0.5(norm)) × 10−6

ℬ(Λ0
b → ΛK+K−) = (10.7 ± 0.3 ± 0.4 ± 1.1(norm)) × 10−6

ℬ(Ξ0
b → Λπ+π−) = (11.0 ± 2.6 ± 1.4 ± 3.8(norm)) × 10−6

ℬ(Ξ0
b → ΛK−π+) = (10.4 ± 1.4 ± 1.2 ± 3.5(norm)) × 10−6

ℬ(Ξ0
b → ΛK−K+) < 2.4 × 10−6 (90% CL)

Study of  and  decays to  final statesΛ0
b Ξ0

b Λh+h′￼−

13A. Villa Search for CPV in charmless decays of beauty baryons at LHCb

New!
[LHCb-PAPER-2024-043], in preparation
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ℬ(Λ0
b → Λπ+π−) = (5.3 ± 0.4 ± 0.5 ± 0.5(norm)) × 10−6

ℬ(Λ0
b → ΛK+π−) = (4.6 ± 0.2 ± 0.4 ± 0.5(norm)) × 10−6

ℬ(Λ0
b → ΛK+K−) = (10.7 ± 0.3 ± 0.4 ± 1.1(norm)) × 10−6

ℬ(Ξ0
b → Λπ+π−) = (11.0 ± 2.6 ± 1.4 ± 3.8(norm)) × 10−6

ℬ(Ξ0
b → ΛK−π+) = (10.4 ± 1.4 ± 1.2 ± 3.5(norm)) × 10−6

ℬ(Ξ0
b → ΛK−K+) < 2.4 × 10−6 (90% CL)

Study of  and  decays to  final statesΛ0
b Ξ0

b Λh+h′￼−

14A. Villa Search for CPV in charmless decays of beauty baryons at LHCb

New!
[LHCb-PAPER-2024-043], in preparation

First evidence (4σ)
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ℬ(Λ0
b → Λπ+π−) = (5.3 ± 0.4 ± 0.5 ± 0.5(norm)) × 10−6

ℬ(Λ0
b → ΛK+π−) = (4.6 ± 0.2 ± 0.4 ± 0.5(norm)) × 10−6

ℬ(Λ0
b → ΛK+K−) = (10.7 ± 0.3 ± 0.4 ± 1.1(norm)) × 10−6

ℬ(Ξ0
b → Λπ+π−) = (11.0 ± 2.6 ± 1.4 ± 3.8(norm)) × 10−6

ℬ(Ξ0
b → ΛK−π+) = (10.4 ± 1.4 ± 1.2 ± 3.5(norm)) × 10−6

ℬ(Ξ0
b → ΛK−K+) < 2.4 × 10−6 (90% CL)

Study of  and  decays to  final statesΛ0
b Ξ0

b Λh+h′￼−

15A. Villa Search for CPV in charmless decays of beauty baryons at LHCb

New!
[LHCb-PAPER-2024-043], in preparation

First observation

First observation

First evidence (4σ)
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ℬ(Λ0
b → Λπ+π−) = (5.3 ± 0.4 ± 0.5 ± 0.5(norm)) × 10−6

ℬ(Λ0
b → ΛK+π−) = (4.6 ± 0.2 ± 0.4 ± 0.5(norm)) × 10−6

ℬ(Λ0
b → ΛK+K−) = (10.7 ± 0.3 ± 0.4 ± 1.1(norm)) × 10−6

ℬ(Ξ0
b → Λπ+π−) = (11.0 ± 2.6 ± 1.4 ± 3.8(norm)) × 10−6

ℬ(Ξ0
b → ΛK−π+) = (10.4 ± 1.4 ± 1.2 ± 3.5(norm)) × 10−6

ℬ(Ξ0
b → ΛK−K+) < 2.4 × 10−6 (90% CL)

Study of  and  decays to  final statesΛ0
b Ξ0

b Λh+h′￼−

16A. Villa Search for CPV in charmless decays of beauty baryons at LHCb

New!
[LHCb-PAPER-2024-043], in preparation

First observation

First observation

First evidence (4σ)
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First evidence of direct  violation in baryon 
decays 

Possible explanation: enhancement from  
and  
resonances

CP
(3.1σ)

N*+ → ΛK+

ϕ → K+K−

Study of  and  decays to  final statesΛ0
b Ξ0
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b production asymmetry is expected to be smaller at higher energies123

and mostly cancels between the signal and control channel, the AP measured for
p
s = 8TeV124

is used for the �ACP (⇤0
b) measurements at

p
s = 13TeV. Assuming isospin symmetry125

between the ⌅0
b and ⌅�

b cross-sections in pp collisions, the ⌅0
b production asymmetry is126

taken to be the same as that of the ⌅�
b baryon, which has been measured by the LHCb127

experiment [45]. The detection asymmetry encompasses the asymmetries in the final-state128

reconstruction, the trigger selection and the PID selection. The reconstruction asymmetries129

for pions, kaons and protons have been measured as a function of particle momenta130

using control samples of D+ ! K0
S⇡

+, D+ ! K�⇡+⇡+, D⇤+ ! D0(! K�⇡+⇡+⇡�)⇡+
131

decays [49], and simulated samples of ⇤0
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c (! pK�⇡+)µ�⌫µ decays [12]. The detection132

asymmetry for each final state particle is then weighted by its momentum distribution in133

the signal and control modes to get an averaged result, accounting for the kinematics of134

both modes. The PID and trigger selection asymmetries are obtained in a similar way135

using data [31,37]. The largest detection asymmetry, due to proton reconstruction, mostly136

cancels between the signal and control modes. These correction terms �AP and �Aexp,137

are shown in Table 3, and are all consistent with zero for ⇤0
b decays with uncertainties138

around 0.002 and 0.010, respectively. The �ACP are measured for the four considered139
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The �ACP measurement for the ⇤0
b! ⇤K+K� decay has a significance of 3.1 � based142

on the negative log-likelihood method [50], accounting for both statistical and systematic143

uncertainties. This significance is further studied with pseudoexperiments to give the same144
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the signal and control modes to get an averaged result, accounting for the kinematics of134

both modes. The PID and trigger selection asymmetries are obtained in a similar way135
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cancels between the signal and control modes. These correction terms �AP and �Aexp,137

are shown in Table 3, and are all consistent with zero for ⇤0
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b production asymmetry is expected to be smaller at higher energies123

and mostly cancels between the signal and control channel, the AP measured for
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s = 8TeV124

is used for the �ACP (⇤0
b) measurements at

p
s = 13TeV. Assuming isospin symmetry125

between the ⌅0
b and ⌅�

b cross-sections in pp collisions, the ⌅0
b production asymmetry is126

taken to be the same as that of the ⌅�
b baryon, which has been measured by the LHCb127

experiment [45]. The detection asymmetry encompasses the asymmetries in the final-state128

reconstruction, the trigger selection and the PID selection. The reconstruction asymmetries129

for pions, kaons and protons have been measured as a function of particle momenta130

using control samples of D+ ! K0
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decays [49], and simulated samples of ⇤0
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c (! pK�⇡+)µ�⌫µ decays [12]. The detection132

asymmetry for each final state particle is then weighted by its momentum distribution in133

the signal and control modes to get an averaged result, accounting for the kinematics of134

both modes. The PID and trigger selection asymmetries are obtained in a similar way135

using data [31,37]. The largest detection asymmetry, due to proton reconstruction, mostly136

cancels between the signal and control modes. These correction terms �AP and �Aexp,137

are shown in Table 3, and are all consistent with zero for ⇤0
b decays with uncertainties138

around 0.002 and 0.010, respectively. The �ACP are measured for the four considered139

decays, integrated over the full phase-space region, to be140

�ACP
�
⇤0

b ! ⇤⇡+⇡�� = �0.013± 0.053± 0.018,

�ACP
�
⇤0

b ! ⇤K+⇡�� = �0.118± 0.045± 0.021,

�ACP
�
⇤0

b ! ⇤K+K�� = 0.083± 0.023± 0.016,

�ACP
�
⌅0

b ! ⇤K�⇡+
�

= 0.27 ± 0.12 ± 0.05 ,
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on the negative log-likelihood method [50], accounting for both statistical and systematic143

uncertainties. This significance is further studied with pseudoexperiments to give the same144
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b decays can be seen. The decay is145

dominated by intermediate N⇤+(! ⇤K+) or �(! K+K�) resonances, as can be seen in146
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b yields. No indication153
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• LHCb is catching up with searches for baryonic 
CPV

• Best measurements of  and 

• First evidence of direct  violation in baryon 
decays 

• If confirmed, may provide useful insights on 
sources of  in baryon dynamics

• Huge increase in sample size expected for Run 3 
with higher hadronic selection efficiencies  stay 
tuned!

ACP(Λ0
b → pK−)

ACP(Λ0
b → pπ−)

CP
Λ0

b → ΛK+K−

CPV

→

Conclusions

20A. Villa Search for CPV in charmless decays of beauty baryons at LHCb



BACKUP



Measurement of  asymmetries with  decaysCP Λ0
b → ph−

22A. Villa Search for CPV in charmless decays of beauty baryons at LHCb

[LHCb-PAPER-2024-048], in preparation
Table 1: Systematic uncertainties on the CP asymmetry measurements, divided by channel and
data collection period. The statistical uncertainty is also reported for comparison.

Run 1 Run 2

⇤0
b! pK� ⇤0

b! p⇡� ⇤0
b! pK� ⇤0

b! p⇡�

Fit model 0.05 0.15 0.05 0.15
Particle identification 0.25 0.25 0.15 0.16

TIS trigger 0.12 0.11 0.04 0.04
TOS hardware trigger 0.20 0.21 0.10 0.10
TOS software trigger 0.33 0.32 0.20 0.20

Proton detection 0.10 0.10 0.04 0.04
Kaon detection 0.25 - 0.10 0.03
Pion detection - 0.10 0.04 0.04
⇤0

b production 0.12 0.13 - -
Control sample size - - 0.28 0.28

Total systematic 0.57 0.53 0.41 0.42
Statistical 1.55 1.86 0.75 0.93

results. The baseline fit model is then fitted 1000 times to the generated samples, varying297

the PID e�ciencies according to their uncertainties, which are mainly driven by the choice298

of the binning scheme used to divide the phase space. These uncertainties are assessed299

by replacing the baseline binning scheme by alternative schemes and recomputing the300

e�ciencies. The largest deviation from the baseline e�ciency is taken as a systematic301

uncertainty.302

Correlations between the results in the various subsamples may arise from the use of303

calibration samples that are common among them, e.g. the use of the proton detection304

asymmetry measurement from Run 1 over all the Run 2 samples, or the computation of305

many instrumental asymmetries on the signal and control samples following Equations (8)306

and (9) with the same method. These correlations are evaluated by generating 1000307

copies of the baseline tables used to compute all the corrections, bootstrapping them308

from Gaussian distributions with means equal to the central values and widths equal to309

the nominal uncertainties. Then the 1000 set of corrections are used to recompute ApK�

CP310

and Ap⇡�

CP . From the distributions of the 1000 values the correlations among the various311

subsamples are inferred. The correlations are found to be smaller than 8%, but are taken312

into account nonetheless when averaging the results.313

To quantify the size of each systematic uncertainty on the final measurement, the314

bootstrapping is repeated many times, each one varying only the baseline tables corre-315

sponding to a single correction, to decouple them from the others to which they might be316

correlated. This allows a breakdown to be obtained of the contribution of each systematic317

uncertainty to the final results, which is reported in Table 1.318
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0
b ! ⇤+
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[LHCb-PAPER-2024-043], in preparation

Supplementary material (for CDS)375

Table S1 provides the relative systematic uncertainties for the branching fractions, with376

headings explained in the caption. Table S2 details the absolute systematic uncertainties377

for CP asymmetry, with further explanations provided in the caption. The Dalitz plots378

with ⇤0
b and ⇤0

b separated are shown in Fig. S1 : (a) ⇤0
b! ⇤K+K�, (b) ⇤0

b ! ⇤̄K�K�,379

(c) ⇤0
b! ⇤K+⇡�, (d) ⇤0

b ! ⇤̄K�⇡+, (e) ⇤0
b! ⇤⇡+⇡�, and (f) ⇤0

b ! ⇤̄⇡�⇡+. Figure S2380

shows the mass spectra for ⌅0
b ! ⇤K+K�, ⌅0

b ! ⇤K�⇡+ and ⌅0
b ! ⇤⇡+⇡�, presented381

on a logarithmic scale.382

Table S1: Relative systematic uncertainty of branching fraction ratios from e�ciency di↵erence
due to phase-space variations (PhSp), impact of the fit model choice (Fit), di↵erent veto window
size (Veto), particle identification criteria (PID), statistical uncertainty of the control channel
(Control) and e�ciency uncertainties due to limited simulation sample size (E↵). The total
relative systematic uncertainties are obtained by summing all contributions in quadrature.

Channel PhSp Fit Veto PID Control E↵. Total.
⇤0

b ! ⇤⇡+⇡� 0.091 0.049 0.007 0.005 0.042 0.017 0.113
⇤0

b ! ⇤K+⇡� 0.076 0.026 0.009 0.001 0.034 0.015 0.089
⇤0

b ! ⇤K+K� 0.026 0.020 0.005 0.004 0.018 0.014 0.041
⌅0

b ! ⇤⇡+⇡� 0.112 0.110 0.021 0.004 0.056 0.018 0.168
⌅0

b ! ⇤K�⇡+ 0.102 0.076 0.003 0.002 0.029 0.014 0.131
⌅0

b ! ⇤K+K� 0.100 0.992 0.504 0.001 0.024 0.021 1.117

Table S2: Systematic uncertainty of CP asymmetries from choice of the fit model (Fit), constraints
of shape parameters applied between ⇤0

b and ⇤0
b during the mass fit (Shape), uncertainties from

CP asymmetry correction terms (Corr); size of veto window width (Veto). The total systematic
uncertainties are obtained by summing all contributions in quadrature.

.

Channel Fit Shape Correction Control Veto Total
⇤0

b ! ⇤⇡+⇡� 0.007 0.005 0.009 0.013 0.004 0.018
⇤0

b ! ⇤K+⇡� 0.011 0.005 0.010 0.013 0.002 0.021
⇤0

b ! ⇤K+K� 0.003 0.002 0.009 0.013 0.002 0.016
⌅0

b ! ⇤K+⇡� 0.022 0.009 0.043 0.013 0.006 0.051

18

Supplementary material (for CDS)375

Table S1 provides the relative systematic uncertainties for the branching fractions, with376

headings explained in the caption. Table S2 details the absolute systematic uncertainties377

for CP asymmetry, with further explanations provided in the caption. The Dalitz plots378

with ⇤0
b and ⇤0

b separated are shown in Fig. S1 : (a) ⇤0
b! ⇤K+K�, (b) ⇤0

b ! ⇤̄K�K�,379

(c) ⇤0
b! ⇤K+⇡�, (d) ⇤0

b ! ⇤̄K�⇡+, (e) ⇤0
b! ⇤⇡+⇡�, and (f) ⇤0

b ! ⇤̄⇡�⇡+. Figure S2380

shows the mass spectra for ⌅0
b ! ⇤K+K�, ⌅0

b ! ⇤K�⇡+ and ⌅0
b ! ⇤⇡+⇡�, presented381

on a logarithmic scale.382

Table S1: Relative systematic uncertainty of branching fraction ratios from e�ciency di↵erence
due to phase-space variations (PhSp), impact of the fit model choice (Fit), di↵erent veto window
size (Veto), particle identification criteria (PID), statistical uncertainty of the control channel
(Control) and e�ciency uncertainties due to limited simulation sample size (E↵). The total
relative systematic uncertainties are obtained by summing all contributions in quadrature.

Channel PhSp Fit Veto PID Control E↵. Total.
⇤0

b ! ⇤⇡+⇡� 0.091 0.049 0.007 0.005 0.042 0.017 0.113
⇤0

b ! ⇤K+⇡� 0.076 0.026 0.009 0.001 0.034 0.015 0.089
⇤0

b ! ⇤K+K� 0.026 0.020 0.005 0.004 0.018 0.014 0.041
⌅0

b ! ⇤⇡+⇡� 0.112 0.110 0.021 0.004 0.056 0.018 0.168
⌅0

b ! ⇤K�⇡+ 0.102 0.076 0.003 0.002 0.029 0.014 0.131
⌅0

b ! ⇤K+K� 0.100 0.992 0.504 0.001 0.024 0.021 1.117

Table S2: Systematic uncertainty of CP asymmetries from choice of the fit model (Fit), constraints
of shape parameters applied between ⇤0

b and ⇤0
b during the mass fit (Shape), uncertainties from

CP asymmetry correction terms (Corr); size of veto window width (Veto). The total systematic
uncertainties are obtained by summing all contributions in quadrature.

.

Channel Fit Shape Correction Control Veto Total
⇤0

b ! ⇤⇡+⇡� 0.007 0.005 0.009 0.013 0.004 0.018
⇤0

b ! ⇤K+⇡� 0.011 0.005 0.010 0.013 0.002 0.021
⇤0

b ! ⇤K+K� 0.003 0.002 0.009 0.013 0.002 0.016
⌅0

b ! ⇤K+⇡� 0.022 0.009 0.043 0.013 0.006 0.051

18


