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•  violation arises from the presence of a complex 
phase in the CKM quark-mixing matrix

• The unitarity condition  defines triangles in 
the complex plane

• Measuring the properties of the UT allows for 
precision tests of the SM assumptions

• Amount of CPV observed so far cannot explain the 
matter-antimatter asymmetry of the Universe

• Additional sources needed, within or beyond the SM

CP

V†V = I

Introduction
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1 12. CKM Quark-Mixing Matrix

12. CKM Quark-Mixing Matrix

Revised April 2024 by A. Ceccucci (CERN), Z. Ligeti (LBNL) and Y. Sakai (KEK).

12.1 Introduction
The masses and mixings of quarks have a common origin in the Standard Model (SM). They

arise from the Yukawa interactions with the Higgs condensate,

LY = ≠Y
d

ij Q
I
Li „ d

I
Rj ≠ Y

u
ij Q

I
Li ‘ „

ú
u

I
Rj + h.c., (12.1)

where Y
u,d are 3◊3 complex matrices, „ is the Higgs field, i, j are generation labels, and ‘ is the 2◊2

antisymmetric tensor. Q
I
L are left-handed quark doublets, and d

I
R and u

I
R are right-handed down-

and up-type quark singlets, respectively, in the weak-eigenstate basis. When „ acquires a vacuum
expectation value, È„Í = (0, v/

Ô
2), Eq. (12.1) yields mass terms for the quarks. The physical states
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f = u, d. As a result, the charged-current W

± interactions couple to the physical uLj and dLk

quarks with couplings given by

≠gÔ
2

(uL, cL, tL)“µ
W

+
µ VCKM

Q

ca
dL

sL

bL

R

db + h.c., VCKM © V
u

L V
d

L
† =

Q

ca
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

R

db . (12.2)

This Cabibbo-Kobayashi-Maskawa (CKM) matrix [1, 2] is a 3 ◊ 3 unitary matrix. It can be
parameterized by three mixing angles and the CP -violating KM phase [2]. Of the many possible
conventions, a standard choice has become [3]

VCKM =

Q
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where sij = sin ◊ij , cij = cos ◊ij , and ” is the phase responsible for all CP -violating phenomena in
flavor-changing processes in the SM. The angles ◊ij can be chosen to lie in the first quadrant, so
sij , cij Ø 0.

It is known experimentally that s13 π s23 π s12 π 1, and it is convenient to exhibit this
hierarchy using the Wolfenstein parameterization. We define [4–6]

s12 = ⁄ = |Vus|


|Vud|2 + |Vus|2
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. (12.4)

These relations ensure that fl̄ + i÷̄ = ≠(VudV
ú

ub)/(VcdV
ú

cb) is phase convention independent, and the
CKM matrix written in terms of ⁄, A, fl̄, and ÷̄ is unitary to all orders in ⁄. The definitions of fl̄, ÷̄

reproduce all approximate results in the literature; i.e., fl̄ = fl(1≠⁄
2
/2+. . .) and ÷̄ = ÷(1≠⁄

2
/2+. . .),

and one can write VCKM to O(⁄4) either in terms of fl̄, ÷̄ or, traditionally,
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S. Navas et al. (Particle Data Group), Phys. Rev. D 110, 030001 (2024)
31st May, 2024 10:15am

[Bigi & Sanda]

https://www.cambridge.org/core/books/cp-violation/EEF8B2108FC4D4FD3DB59F077CD96AB7


• LHCb

• Designed to exploit the huge  production cross section in the 
forward region ( )

• Excellent vertex resolution: 10-40  in x/y, 500-300  in z

• Momentum resolution  up to 100 GeV/

• PID: 97% efficiency for  with 3% pion misID 
Good discrimination between 

• ATLAS/CMS

• Hermetic design

• Precise tracking and vertexing  
, complementary to LHCb

• Excellent performance of calorimeter and muon detectors

• Higher luminosity compensates for the lower -hadron production 
in acceptance

bb
2 < η < 5

μm μm

≤ 1 % c

∼ e/μ ∼
π, K, p

|η | < 2.5

b

LHC detectors
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https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08004


• Introduction

• Detector overview

• Integrated and time-dependent CPV (ATLAS & CMS & LHCb)

• Latest measurements of  (LHCb)

• CPV in baryon decays (LHCb)

• Future prospects

• Conclusions

γ

Contents

5A. Villa  violation in -hadronsCP b



•  decay  penguin diagrams contribution 
not negligible wrt to tree-level (  enhancement 
from interference?)

• Can improve understanding of penguin 
contribution to  transitions (  from 

)

• Measured relative to control sample of 
 decays: cancellation of many 

systematics

• First evidence of direct  violation in beauty to 
charmonia decays 

b → ccd →
CPV

b → ccs β
B0 → J/ψK0

B+ → J/ψK+

ΔACP = (1.42 ± 0.43 ± 0.08) %

CP
(3.2σ)

 asymmetry of  decays (LHCb)CP B+ → J/ψπ+

6A. Villa  violation in -hadronsCP b

[PRL 134 (2025)]

5100 5200 5300 5400 5500
]2c) [MeV/+πψJ/(m

1

10

210

310

410)2 c
C

an
di

da
te

s /
 (4

.5
 M

eV
/ -1LHCb 5.4 fb Data

Total fit
+πψJ/→+B +KψJ/→+B

Comb bkg
Part bkg

5100 5200 5300 5400 5500
]2c) [MeV/−πψJ/(m

1

10

210

310

410)2 c
C

an
di

da
te

s /
 (4

.5
 M

eV
/ -1LHCb 5.4 fb Data

Total fit
−πψJ/→−B −KψJ/→−B

Comb bkg
Part bkg

5100 5200 5300 5400 5500
]2c) [MeV/+KψJ/(m

210

310

410

510

610)2 c
C

an
di

da
te

s /
 (4

.5
 M

eV
/ -1LHCb 5.4 fb

Data
Total fit

+KψJ/→+B
Comb bkg
Part bkg

5100 5200 5300 5400 5500
]2c) [MeV/−KψJ/(m

210

310

410

510

610)2 c
C

an
di

da
te

s /
 (4

.5
 M

eV
/ -1LHCb 5.4 fb

Data
Total fit

−KψJ/→−B
Comb bkg
Part bkg

3.7 3.8 3.9 4 4.1
]2−Branching fraction ratio [10

Run 1  0.030± 0.030 ±3.830 

2016  0.025± 0.040 ±3.900 

2017  0.022± 0.039 ±3.858 

2018  0.023± 0.037 ±3.805 

Average  0.018± 0.018 ±3.846 

0 2 4
]2− [10CPA∆

Run 1  0.14± 0.86 ±1.82 

2016  0.09± 0.87 ±1.43 

2017  0.11± 0.87 ±0.81 

2018  0.11± 0.80 ±1.58 

Average  0.08± 0.43 ±1.42 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.101801


• For tree-level dominated decays, 

•  decays can probe the contribution of loop 
transitions to the measured values of 

• Time-dependent flavour-tagged analysis

• Results for 

•  conservation excluded at  

• For  compatible with  conservation

Sf = sin(2β + Δϕd + ΔϕNP
d ) ≈ sin 2β

B → DD
β(s)

B0 → D+D−

SD+D− = − 0.55 ± 0.10 (stat) ± 0.01 (syst)
CD+D− = + 0.13 ± 0.10 (stat) ± 0.01 (syst)

CP > 6σ

B0
s → D+

s D−
s CP

TD-CPV in  (LHCb)B0
(s) → D+

(s)D
−
(s)
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[JHEP 01 (2025)]
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• Measurement of the weak phase  
arising from interference between direct CPV 
and   mixing ( )

• Novel flavour-tagging algorithm + 
additional trigger paths  largest effective 
sample of tagged signals ever collected

• Simultaneous fit to mass  , decay-time 
and error ( , ), helicity angles ( , 

, ), and flavour tagging response 

ϕs ≈ − 2βs

B0
s − Bs

0 ϕSM
s = − 37 ± 1 mrad

→

mμμKK
ct σct cos θT

cos ψT ϕt ωtag

TD-CPV in  (CMS)B0
s → J/ψϕ
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[arXiv:2412.19952]
Submitted to PRL
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http://arxiv.org/abs/2412.19952


• Combined tagging power 

• All values compatible with SM expectations

• Once combined with previous CMS results [PLB 757 (2016)] 
they yield 

• First evidence of indirect  violation in  
decays

Ptag = (5.59 ± 0.02) %

ϕs = (−74 ± 23) mrad

CP B0
s → J/ψϕ

TD-CPV in  (CMS)B0
s → J/ψϕ
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Parameter Fit value Stat. unc. Syst. unc.
fs [mrad] �73 ± 23 ± 7
DGs [ ps�1] 0.0761 ± 0.0043 ± 0.0019
Gs [ ps�1] 0.6613 ± 0.0015 ± 0.0028
Dms [}ps�1] 17.757 ± 0.035 ± 0.017
|l| 1.011 ± 0.014 ± 0.012
|A0|2 0.5300 + 0.0016

� 0.0014 ± 0.0044
|A?|2 0.2409 ± 0.0021 ± 0.0030
|AS|2 0.0067 ± 0.0033 ± 0.0009
dk [rad] 3.145 ± 0.089 ± 0.025
d? [rad] 2.931 ± 0.089 ± 0.050
dS? [rad] 0.48 ± 0.15 ± 0.05

[arXiv:2412.19952]
Submitted to PRL

https://www.sciencedirect.com/science/article/pii/S037026931630017X?via=ihub
http://arxiv.org/abs/2412.19952


• Combination of ATLAS results:

• Combination of LHCb results:

• Combination of CMS results:

• Latest combination by HFLAV including all LHC results

• N.B. errors scaled to account for tensions between values of 

ϕs = − 0.087 ± 0.036 ± 0.021 rad
ΔΓs = + 0.0657 ± 0.0043 ± 0.0037 ps−1

ϕs = − 0.033 ± 0.018 rad
ΔΓs = + 0.085 ± 0.004 ps−1

ϕs = − 0.074 ± 0.023 rad
ΔΓs = + 0.078 ± 0.004 ps−1

ϕs = − 0.052 ± 0.013 rad
ΔΓs = + 0.076 ± 0.004 ps−1

ΔΓs

TD-CPV in  (ATLAS, CMS, LHCb)B0
s → J/ψϕ
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[arXiv:2411.18639]

[EPJC 81 (2021)] [PRL 132 (2024)][arXiv:2412.19952]

https://arxiv.org/abs/2411.18639
https://doi.org/10.1140/epjc/s10052-021-09011-0
https://doi.org/10.1103/PhysRevLett.132.051802
http://arxiv.org/abs/2412.19952
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•  is the only angle of the UT that can be measured directly with tree-level decays 

• Latest LHCb combination  [LHCb-CONF-2024-004]

• Comparison with indirect determinations from global fits provides stringent tests of the 
SM consistency 

•  [UTfit 2023]

•  [CKMfitter 2023]

• More precise than direct measurements  further studies critically needed

• Two new analyses: 

•  , high sensitivity to  thanks to large ratio of interfering amplitudes 

• , similar BF as golden channel , worse reco. eff. but less 
background

•  measured from the interference between  and  tree-level diagrams

γ

γdirect = (66.4 ± 2.8)∘

γindirect = (65.1 ± 1.3)∘

γindirect = (66.23+0.60
−1.43)

∘

→

B0
s → D∓

s K± γ
A(Bs

0 → D−
s K+)

A(B0
s → D−

s K+)
≈ 0.4

B± → DK*± B± → DK±

γ b → cus b → ucs

Measurements of CPV parameters and  (LHCb)γ
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[JHEP 02 (2025)]
[JHEP 03 (2025)]

https://cds.cern.ch/record/2905625?ln=en
https://link.springer.com/article/10.1007/s12210-023-01137-5
http://ckmfitter.in2p3.fr/www/results/plots_summer23/ckm_res_summer23.html
https://doi.org/10.1007/JHEP02(2025)113
https://doi.org/10.1007/JHEP03(2025)139


• , full Run 2 dataset

• The -violating parameters are measured with a decay-time fit 

•  violated with  significance in interference between  
mixing and  decay ( )

• Can be interpreted to obtain an estimate of , the strong-phase 
difference  and the amplitude ratio 

B0
s → D∓

s ( → h+h−h∓)K±

CP

Cf = + 0.791 ± 0.061 ± 0.022

AΔΓ
f = − 0.051 ± 0.134 ± 0.058

AΔΓ
f = − 0.303 ± 0.125 ± 0.055

Sf = − 0.571 ± 0.084 ± 0.023
Sf = − 0.503 ± 0.084 ± 0.025

CP 8.6σ B0
s − Bs

0

B0
s → D∓

s K± Sf ≠ − Sf

γ
δ rDsK

13A. Villa  violation in -hadronsCP b

[JHEP 03 (2025)]
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https://doi.org/10.1007/JHEP03(2025)139


• , full Run 1+2 dataset

•  meson reconstructed in several decay channels

•  eigenstates  and 

• Quasi-  eigenstates 

• Self-conjugate states   and   

• Net-strangeness states  and 

• The  asymmetries are measured for all channels 

• First observation of suppressed  decay

• Three-body decays  analysed in bins of Dalitz plane to 
enhance sensitivity to  [PRD 82 (2010)]

• -violating and mixing parameters are interpreted to obtain 
an estimate of , the strong-phase difference  and the 
amplitude ratio 

B± → DK*±

D

CP π+π− K+K−

CP π+π−π+π−

K0
Sπ+π− K0

SK+K−

K±π∓ K±π∓π+π−

CP

B± → D( → π±K∓)K*±

K0
Sh+h−

γ

CP
γ δ

rDsK
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[JHEP 02 (2025)]Measurements of CPV parameters and  (LHCb)γ
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• Results from 

• Most precise measurement with  mesons

• Results from 

• All consistent with previous LHCb 
measurements

B0
s → D∓

s K±

γ = (81+12
−11)

∘

δDsK = (347.6 ± 6.3)∘

rDsK = 0.318+0.034
−0.033

B0
s

B± → DK*±

γ = (63 ± 13)∘

δDK*± = (47+14
−12)

∘

rDK*± = 0.103 ± 0.010
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[JHEP 02 (2025)]
[JHEP 03 (2025)]
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• Baryon CPV could appear in decays mediated by 
similar quark transition as known CP-violating 
meson decays (e.g. )

• Combined Run 1+2 results

• No evidence of  violation

• improvement over current PDG average 

• Not dominated by systematics anymore

B0 → K−π+

ACP(Λ0
b → pK−) = (−1.1 ± 0.7 ± 0.4) %

ACP(Λ0
b → pπ−) = (0.2 ± 0.8 ± 0.4) %

CP

3 ×

 asymmetries with  decays (LHCb)CP Λ0
b → ph−
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ΔACP = (16.5 ± 5.1) %

•  asymmetries measured as difference wrt to control mode 
 (null CPV expected)

• Evidence of direct  violation in  decays 

• Possible interpretation: enhancement from   resonance

• Amplitude analysis needed to clarify

CP
Λ0

b → Λ+
c ( → Λπ+)π−

CP Λ0
b → ΛK+K− (3.1σ)

N*+ → ΛK+ (3.2σ)

Evidence for CPV in  (LHCb)Λ0
b → ΛK+K−
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[PRL 134 (2025)]

•  decaysΛ0
b/Ξ0

b → Λh−h′￼−

(a) (b)

Figure 1: Invariant-mass distributions of (a) ⇤0
b! ⇤K+K� and (b) ⇤0

b! ⇤K+K� decays, with
the fit projections superimposed.

The ⇤0
b production asymmetries in pp collisions at

p
s = 7TeV and 8TeV have121

previously been measured at LHCb [12], but there is no equivalent measurement yet at122 p
s = 13TeV. As the ⇤0

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
b! ⇤+

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 ,

where the first uncertainties are statistical and the second are systematic.141

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

4
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• Run 1+2 study of  decays

• CPV arises from interference between tree 
and loop amplitudes

• Resonant structure may enhance CPV across 
the phase space

• Clean measurement thanks to control 
sample of 

• First observation of direct  violation in 
baryon decays (  from )

Λ0
b → pK−π+π−

Λ0
b → (Λ+

c → pK−π+)π−

ACP = (2.45 ± 0.46 ± 0.10) %

CP
5.2σ 0

Observation of baryonic CPV (LHCb)
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1 Introduction30

Violation of the joint symmetry of charge-conjugation and parity (CPV ) is one of the31

conditions required to explain the extreme di↵erence between the observed amount of32

matter and antimatter in the Universe [1]. In the Standard Model (SM) of particle physics,33

CPV comes naturally from the appearance of the single complex phase parameter in34

the Cabibbo-Kobayashi-Maskawa (CKM) matrix [2]. However, the CPV originated from35

the CKM mechanism is insu�cient to quantify the matter-antimatter asymmetry in the36

Universe and new sources of CPV are required [3].37

Since the first discovery in K0

L
decays [4], CPV has been widely observed in meson38

systems, but not yet in baryon decays [5–7]. In particularly, CPV as large as the order of39

10% has been established in some B-meson decays, however no CPV has been observed40

in related decays of beauty baryons despite mediated by the same underlying quark-level41

microscopic processes. CPV has been measured in two-body, three-body and four-body42

decays of baryons at LHCb [8–12] . The only experimental evidence of baryonic CPV is43

found in the ⇤0

b
! p⇡�⇡+⇡� decay with 3.3 standard deviations [13] and has reduced to44

2.9 standard deviations with higher statistics [11].45

Information about CPV in baryon decays is essential to have a coherent understanding46

of the CKM mechanism for the explanation of CPV in the quark sector and to search for47

new sources of CPV beyond the SM. In this analysis, CPV is studied in the ⇤0

b
! pK�⇡+⇡�

48

decay, where ⇤0

b
barons are produced in proton-proton collisions collected by the LHCb49

experiment, corresponding to an integrated luminosity of about 9 fb�1.1 In the SM, the50

dominant quark-level processes of the ⇤0

b
! pK�⇡+⇡� decay are two b ! suu amplitudes51

mediated by the W� boson, shown in Fig. 1. The suu quarks together with spectator52

quarks in the ⇤0

b
baryon hadronize into pK�⇡+⇡� final-state particles with or without53

intermediate light hadrons. The interference between the two diagrams could generate54

a di↵erence between the rate of the ⇤0

b
! pK�⇡+⇡� decay (�+

⌘ �(⇤0

b
! pK�⇡+⇡�))55

and that of its antidecay (��
⌘ �(⇤0

b
! pK+⇡+⇡�)). The CP asymmetry is defined as56

ACP ⌘ (�+
� ��)/(�+ + ��), which is the measurement of this analysis. In the following,57

the inclusion of charge-conjugated decays is implied unless otherwise indicated.58

b

u

d

u

u

d

u

s

W�

⇤0

b

b

u

d

s

u

d

u/d

u/d

W�

t⇤0

b

Figure 1: Leading diagrams that contribute to the ⇤0

b
! pK�⇡+⇡� decays. The left (right) is

for the tree (loop) diagram.

1This is mainly because the ⇤0
b! pK�⇡+⇡� decay mode has the largest branching fraction among all

four-body decays. Meanwhile, an amplitude analysis of ⇤0
b! pK�⇡+⇡� is a work in progress according

to the WG database and abundant resonant structures are observed. Interference between these decay
amplitudes may generate significant CP asymmetry. Other decay channels are also planned to be studied
in the future.
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• Search for local  violation in selected regions of the phase 
space

• Measured asymmetries up to  (  resonances)

• One of the last missing pieces of CPV in the SM has been found!

CP

6σ N+

Observation of baryonic CPV (LHCb)
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[arXiv:2503.16954]
Submitted to NatureTable 1: Measurements of CP asymmetries in four phase-space regions. The regions are selected

using two-body or three-body masses.

Decay topology Mass region (GeV/c2) ACP

⇤0
b ! R(pK�)R(⇡+⇡�)

mpK� < 2.2
(5.3± 1.3± 0.2)%

m⇡+⇡� < 1.1

⇤0
b ! R(p⇡�)R(K�⇡+)

mp⇡� < 1.7

(2.7± 0.8± 0.1)%0.8 < m⇡+K� < 1.0

or 1.1 < m⇡+K� < 1.6

⇤0
b ! R(p⇡+⇡�)K� mp⇡+⇡� < 2.7 (5.4± 0.9± 0.1)%

⇤0
b ! R(K�⇡+⇡�)p mK�⇡+⇡� < 2.0 (2.0± 1.2± 0.3)%

to di↵erences in the CP asymmetry across the final-state phase space of the beauty-
baryon decay. The global CP asymmetry reported above represents a measurement that
is averaged over the entire phase space. To investigate the resonance contributions to
the global CP violation, the analysis is performed across regions of the ⇤0

b decay phase
space, chosen upon their resonance compositions. Among the di↵erent possible resonance
topologies, four are found to make significant contributions to the ⇤0

b decay and have
been selected for further measurements. Data corresponding to these decays are chosen
according to relevant two-body or three-body masses. The local CP asymmetries between
⇤0

b and ⇤0
b decays in these regions are obtained in a way similar to the global ACP

measurement.
A summary of the local phase-space decay topologies, selections and CP asymmet-

ries is provided in Table 1. The CP asymmetry is found to be most significant for
the ⇤0

b ! R(p⇡+⇡�)K� decay, with ACP = (5.4± 0.9± 0.1)%, di↵ering from zero by 6.0
standard deviations. The mass distributions for the p⇡+⇡� system and the corresponding
⇤0

b and ⇤0
b baryons are shown in Fig. 3 for ⇤0

b ! R(p⇡+⇡�)K� decays. Mass distributions
for other two-body or three-body systems, along with their corresponding ⇤0

b and ⇤0
b

baryons, are shown in Extended Data Figs. 2 and 3. The second most significant CP asym-
metry is observed for the ⇤0

b ! R(pK�)R(⇡+⇡�) decay, with ACP = (5.3± 1.3± 0.2)%.
The CP asymmetries for the other two decay topologies are not significant.

The CP asymmetry depends on decay topologies, suggesting the relative magnitudes
and/or strong phases of the tree and loop amplitudes vary across the phase space. In gen-
eral, the complicated hadronic e↵ects pose significant challenges for predicting CP asymmet-
ries within the Standard Model. Various approaches have been proposed, such as employing
a model-independent investigation of angular distributions [36] or utilising scattering
data to extract the hadronic amplitude [28]. Applying this method using ⇡+n ! p⇡+⇡�

scattering data [37], an estimate of the CP asymmetry in ⇤0
b ! R(p⇡+⇡�)K� decays

aligns with the measurement in this work.
Each decay topology receives multiple resonant or nonresonant contributions that

often overlap and interfere with each other. The intrinsic CP asymmetry may vary in
magnitude and could even change sign between di↵erent contributions. As a result, the CP
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• LHCb

• Upgrade I detector allows to run at higher pileup than Run 1+2 (  
instead of ~1/2)

• Removal of hardware trigger since Run 3  2~3x improvement on signal 
reconstruction efficiency

• 2024 sample size comparable to the sum of Run 1&2

• CMS

• Data parking strategy provided huge samples of  events with single 
displaced muon triggers in Run 2

• Extended in Run 3 to have dedicated low-  triggers for dimuon and 
dielectron events

• ATLAS

• Insertable -layer (IBL) was added to improve impact parameter 
resolution (3.3 cm from beam pipe)

• Will enhance vertex reconstruction and flavour tagging performances

μ ∼ 5

→

bb

pT

B

Prospects
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86

Table 13: Trigger configurations, defined by unique combinations of L1 and HLT ET thresholds
(applied to each electron candidate) and L1 DR, used to record events containing dielectron
final states. The thresholds on the L1 and HLT ET (L1 DR) values are lower (upper) bounds. The
Lint value and the mean number of pileup interactions recorded by each trigger combination
are aggregated over periods for which each combination provided the lowest enabled L1 ET
threshold. Representative peak L1 and HLT trigger rates are given for each setting.

L1 ET L1 DR HLT ET Lint Mean Peak L1 Peak HLT
[GeV] [GeV] [ fb�1] PU rate [kHz] rate [kHz]

11.0 0.6 6.5 1.6 45.6 2.2 0.1
10.5 0.6 6.5 1.1 42.2 3.0 0.3
9.0 0.7 6.0 8.8 47.4 9.3 0.6
8.5 0.7 5.5 3.3 46.2 13 0.9
8.0 0.7 5.0 6.9 39.1 16 1.2
7.5 0.7 5.0 1.6 40.3 23 1.4
7.0 0.8 5.0 2.7 36.3 27 1.3
6.5 0.8 4.5 3.6 31.2 35 1.3
6.0 0.8 4.0 2.5 27.4 46 1.4
5.5 0.8 4.0 0.7 23.6 54 1.0

Other combinations 1.0 — — —

Total 33.9 34.8 — —
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Figure 54: Total L1 (left) and HLT (right) trigger rates, and the number of pileup interac-
tions, shown as a function of time for a representative LHC fill during 2022. The rates for
the promptly reconstructed core physics (black solid markers) and B parking (blue open mark-
ers) data streams are shown separately in the right panel. Occasional lower rates are observed
due to transient effects, such as the throttling of the trigger system in response to subdetector
dead time [9]. Changes in the trigger configuration are indicated by vertical green dashed lines.

Figure 55 shows the pileup distribution for the dielectron data set, along with the contributions
from each of the individual trigger combinations. Figure 56 shows the invariant mass distribu-
tions for pairs of oppositely charged electrons originating from a common vertex, as obtained
from the dielectron data set. Both electrons are required to satisfy a minimal set of kinematic
and ID criteria, and both electrons must be matched to the electron candidates responsible for

[arXiv:2403.16134]

[JINST 19 (2024)]

[JINST 19 (2024)]

[JINST 19 (2024)]

The IBL also helps to maintain the performance and robustness of the ID track reconstruction when the
B-Layer read-out e�ciency deteriorates at high peak luminosity, or after a large integrated luminosity
(radiation damage to the sensors and front-end electronics as well as possible irreparable failures of its
chips and modules).

The flavour tagging performance expected with the addition of the IBL is evaluated using a more realistic
simulation of the ATLAS ID based on the final IBL geometry, an updated digitisation model and improved
reconstruction algorithms with respect to the IBL TDR. The latter include a refined neural network
clustering algorithm [17], a new tracking configuration, which improves the treatment of shared clusters
in the core of a dense jet environment [18] and new flavour tagging algorithms. These results supersede
those presented in the IBL TDR. Results are based on fully simulated tt̄ production events at a collision
energy of 13 TeV. The average level of pile-up is approximately 20, reflecting the Run 1 luminosity profile.
Jets used for flavour tagging are reconstructed using the anti-kt algorithm [19] with radius R = 0.4.
ATLAS combines the discriminating variables obtained from impact parameter, inclusive secondary
vertex and multi-vertex reconstruction algorithms. A detailed description of these algorithms can be
found in reference [20].
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Figure 6: Comparison of (a) light-jet and (b) c-jet rejection as a function of b-jet tagging e�ciency for the Run 1
(without IBL) and Run 2 (with IBL) detector layouts under the same conditions, obtained with the MV2c20 algorithm.
The rejection is defined as the reciprocal of the tagging e�ciency. Results are derived from jets produced in tt̄
events, with jets passing the pT > 20 GeV and |⌘ | < 2.5 selection.

The combination of the input variables obtained from these algorithms is obtained using a boosted
decision tree (MV2c20) [21]) that returns a continuum variable peaked around 1 for jets likely to contain a
b-flavoured hadron and around �1 for those likely to originate from light-flavoured quarks. This MV2c20
is an evolution of the neural network algorithm used during Run 1 [20]. In order to perform an useful
comparison, the MV2c20 algorithm has been separately re-trained for the tt̄ sample generated using the
ATLAS Run 1 geometry, without the IBL, and the ATLAS Run 2 geometry, which includes the IBL.

Figure 6 shows the light-jet and c-jet rejection as a function of the b-jet purity obtained with the two
configurations. The addition of the IBL improves the light-jet (c-jet) rejection by a factor up to 4 (1.8) for

14
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• CP violation is a rich field of study

• Essential to precisely test the SM and constraint/guide New Physics 
models

• LHCb has a leading role for hadronic final states

• Competition with ATLAS/CMS in muonic final-states

• Latest piece added to the puzzle: direct CP violation in baryon decays

• Only a fraction of the LHC data sample collected so far: the best is yet to 
come!

Conclusions
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 asymmetry of  decays (LHCb)CP B+ → J/ψπ+
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[PRL 134 (2025)]

to eliminate a small difference with the Bþ → J=ψπþ

sample in the Bþ kinematic distributions. The difference
between the pion and kaon detection asymmetries as a
function of the kaon momentum is determined from the
raw asymmetries of the decays Dþ → K−πþπþ and
Dþ → K0

Sπ
þ measured with Run 2 data, following the

method described in Refs. [48,49]. Using the kaon momen-
tum spectrum in the selected Bþ → J=ψKþ sample, the
average detection asymmetry difference, common to all
years of data taking, is computed to be

adetJ=ψπ − adetJ=ψK ¼ ð0.84$ 0.05Þ × 10−2; ð5Þ

where the uncertainty also accounts for the difference
between the pion momentum spectra in Bþ → J=ψπþ

and Dþ → K−πþπþ decays.
The hadron PID asymmetries are obtained by separately

measuring the PID efficiencies for negative and positive
hadrons using Run 2 control samples following the method
described in Refs. [38,39]. Their values are

aPIDJ=ψπ ¼

8
>><

>>:

ð−0.01$ 0.02Þ × 10−2 ð2016Þ;
ðþ0.00$ 0.05Þ × 10−2 ð2017Þ;
ðþ0.02$ 0.06Þ × 10−2 ð2018Þ;

ð6Þ

and

aPIDJ=ψK ¼

8
>><

>>:

ðþ0.00$ 0.06Þ × 10−2 ð2016Þ;
ðþ0.03$ 0.05Þ × 10−2 ð2017Þ;
ð−0.05$ 0.06Þ × 10−2 ð2018Þ:

ð7Þ

The systematic uncertainties in the branching fraction
ratio Rπ=K and CP asymmetry difference ΔACP for each
data-taking year are summarized in Table II. Sources of
systematic uncertainties associated with the mass fits, the
efficiency evaluation, and the nuisance asymmetries are
considered. Owing to the inevitability of mass mismodeling
whenever such sizable yields are present, associated

systematic uncertainties are evaluated by increasing signal
and background model sophistication. Mitigating changes
include the use of alternative functions to describe the
signal and background shapes and fit configurations that
allow the position and width parameters of the Bþ and B−

signal decays to take separate values within the nominal
model. The systematic uncertainty associated with the
trigger efficiency is determined by comparing the
trigger efficiency ratio between the Bþ → J=ψπþ and
Bþ → J=ψKþ modes obtained from simulation to that
obtained from control samples consisting of events trig-
gered independently of the signal decays using a data-
driven method [50]. The systematic uncertainty due to an
imperfect description of the detector material, which affects
the K=π tracking efficiency from simulation, is estimated
by varying the amount of material in the relevant detector
volumes by about $10% [19]. The systematic uncertainty
associated with the corrections to the signal simulation is
estimated by resampling the relevant simulation and data
samples with replacement [51] and repeating the kinematic
weighting and efficiency estimation procedure multiple
times. The standard deviation of the efficiency ratio
εJ=ψπ=εJ=ψK is propagated to the Rπ=K measurement. A
systematic uncertainty inRπ=K related to the PID efficiency
calibration is also evaluated by changing the hadron pT and
η bin widths used to divide the control samples.
The uncertainties of the estimated detection asymmetry

difference in Eq. (5) and PID asymmetries in Eqs. (6)
and (7) are propagated toΔACP as systematic uncertainties.
For the baseline result of ΔACP, the Bþ → J=ψπþ sample
is weighted to match the kinematic distribution of the
Bþ → J=ψKþ sample in order to cancel the effect of
the Bþ=B− production asymmetry on the measurement.
The difference of the ΔACP values obtained with and
without this weighting step is taken as a systematic
uncertainty.
Robustness of the fit procedure is tested by splitting the

data samples according to magnet polarity and by tight-
ening the BDT-output requirements. The results are con-
sistent in all checks.

TABLE II. Relative systematic uncertainties on the branching fraction ratio Rπ=K and absolute systematic uncertainties on the CP-
asymmetry difference ΔACP from each source and their quadratic sum.

Branching fraction ratio CP-asymmetry difference

2016 (%) 2017 (%) 2018 (%) 2016 (10−2) 2017 (10−2) 2018 (10−2)

Mass fit 0.22 0.16 0.21 0.04 0.06 0.04
Trigger efficiency 0.40 0.39 0.37 & & & & & & & & &
Material budget 0.30 0.30 0.30 & & & & & & & & &
Simulation correction 0.17 0.15 0.14 & & & & & & & & &
PID 0.29 0.22 0.29 0.06 0.07 0.08
Detection asymmetry & & & & & & & & & 0.05 0.05 0.05
Production asymmetry & & & & & & & & & 0.02 0.02 0.02
Total 0.64 0.58 0.61 0.09 0.11 0.11
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Source SD+D− CD+D− φs [rad] |λD+
s D−

s
|

Mass model 0.001 0.005 0.003 0.005
∆Γ 0.010 0.005 — —
Decay-time resolution 0.002 0.007 0.011 0.027
Decay-time bias — — 0.026 0.014
Acceptance function 0.001 0.001 < 0.001 0.001
Total 0.010 0.010 0.028 0.031

Table 1. Systematic uncertainties for the B0 → D+D− and B0
s → D+

s D
−
s channel. A dash (—) is

used to denote that a systematic has not been evaluated. The total systematic uncertainty is the
quadratic sum of the individual uncertainties.

condition DD+D− = ±
√
1 − S2

D+D− − C2
D+D− and the largest deviation is assigned as the

systematic uncertainty.
In the B0 → D+D− channel the decay-time-resolution model is determined on simulation.

Due to differences between simulation and data the resolution could be underestimated. The
effect of underestimating the resolution is tested by increasing the width of the resolution
function by 10% in the pseudoexperiments, which corresponds to the level measured in the
B0

s system. It is found to be small and no further studies are considered.
In the B0

s → D+
s D

−
s channel, D−

s π
+ candidates originating from the PV are used to

determine a per-event resolution calibration. Only D−
s → φ(K+K−)π− decays are used and

assumed to represent the resolution of the whole sample. A second calibration is obtained
using a sample of D−

s → K+K−π− decays without specific requirements on the intermediate
decays and used in the pseudoexperiments to assign a systematic uncertainty.

A decay-time bias caused by the misalignment of the vertex detector was observed in
other LHCb analyses of data taken during the same period [8, 48] and confirmed in the
present analysis. Due to the low oscillation frequency of B0 mesons, this has a negligible
effect on the measurement of the CP -violation parameters, as shown in ref. [48] and so is
not evaluated here. However, in B0

s decays, this bias could have a significant impact on the
measurement. To evaluate the effect, the mean of the resolution function in the generation
of the pseudoexperiments is set to the largest observed bias.

The individual systematic uncertainties on the CP -violation parameters are reported
in table 1 and summed in quadrature. Compared to the previous LHCb results [9, 10],
the systematic uncertainties in the B0 → D+D− measurement are significantly reduced,
while they are comparable for the B0

s → D+
s D

−
s measurement. The reduction in the first

measurement is achieved by the improved suppression of backgrounds from single-charm,
misidentified and partially reconstructed decays. They are the leading sources of systematic
uncertainties in the previous measurement and are reduced to negligible levels in this analysis.

8 Results and interpretation
A flavour-tagged time-dependent analysis of B0 → D+D− and B0

s → D+
s D

−
s decays is

performed using proton-proton collision data collected by the LHCb experiment during the

– 12 –
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Table 1: Summary of the systematic and statistical uncertainties. The symbol (—) indicates an
uncertainty that is negligible or not evaluated. The combined systematic uncertainty is the sum
in quadrature of the individual uncertainties.

fs DGs Gs Dms |l| |A0|2 |A?|2 |AS|2 dk d? dS?
[mrad] [ ps�1] [ ps�1] [}ps�1] [rad] [rad] [rad]

Statistical uncertainty 23 0.0043 0.0015 0.035 0.014 0.0016 0.0021 0.0033 0.074 0.089 0.15

Fit bias 4 0.0011 0.0002 0.004 0.006 0.0012 0.0022 0.0006 0.015 0.017 0.03
Flavor tagging 4 <10�4 0.0005 0.007 0.002 <10�4 <10�4 0.0006 0.012 0.016 0.03
Angular efficiency 4 0.0002 <10�4 0.015 0.011 0.0042 0.0019 0.0001 0.017 0.044 0.02
Time efficiency <1 0.0014 0.0026 <10�3 <10�3 0.0004 0.0005 <10�4 0.001 0.002 <10�2

Time resolution <1 <10�4 <10�4 <10�3 <10�3 <10�4 <10�4 <10�4 <10�3 0.001 <10�3

Model assumptions — 0.0005 0.0006 — — — — — — — —
B0 background <1 0.0002 0.0003 <10�3 <10�3 <10�4 <10�4 <10�4 <10�3 <10�3 <10�2

L0
b background — — 0.0004 — — 0.0004 0.0003 — — — —

S-P wave interference <1 <10�4 <10�4 <10�3 <10�3 <10�4 <10�4 <10�4 <10�3 <10�3 <10�2

P(sct) uncertainty <1 0.0002 0.0003 <10�3 <10�3 0.0001 0.0001 <10�4 <10�3 <10�3 <10�2

Total systematic uncertainty 7 0.0019 0.0028 0.017 0.012 0.0044 0.0030 0.0009 0.025 0.050 0.05

data. The statistical uncertainty is defined as the 68.3% confidence level (CL) interval centered
around the mean of the bootstrap distribution of interest. Importantly, this method helps iden-
tify any potential bias in the nominal fit (“fit bias”), which is the difference between the central
value of the bootstrap distribution and the expected true value. In line with standard practices
in the field [15, 20, 26], this bias is removed from the statistical uncertainty evaluation and is
treated as a systematic uncertainty. The measured number of B0

s ! J/y f(1020) signal events
from the fit is 491 270 ± 950, corresponding to an effective number of tagged signal candidates
of NB0

s
Ptag = 27 500 ± 100.

The systematic uncertainties potentially impacting the POIs are categorized into two groups.
Type-I uncertainties stem from the finite number of events in the simulated samples and from
uncertainties related to the parameters of the efficiency and calibration functions. These uncer-
tainties are evaluated by either sampling the function parameters based on their uncertainties
or, in the case of nonparametric functions, by resampling the simulated samples. The system-
atic uncertainties are then quantified as the root-mean-square of the resulting POI distributions.
Type-II uncertainties account for potential biases resulting from the assumptions made in the
fit model and analysis methods. For each tested assumption, an alternative model choice is
selected, and the fit to the data is repeated. A deviation Dsyst from the reference results is sig-
nificant if it exceeds 20% of the statistical uncertainty associated with a parameter. In such
cases, a double-sided systematic uncertainty of 0.5 Dsyst is assigned, assuming a uniform dis-
tribution for the true bias between 0 and Dsyst. The fit bias does not fall into either of these
two categories and is assessed as the mean of the bootstrap distributions with respect to the
nominal results. The systematic uncertainties are summarized in Table 1.

Type-I uncertainties are evaluated for the B0 background yield, the values of kSP and tPDG
B0 , and

the parameters of the time resolution and flavor tagging calibration functions. Similarly, uncer-
tainties arising from the fixed sct pdfs in the final fit are also evaluated. Statistical uncertainties
associated with the B0 control data sample and B0

s ! J/y f(1020) simulated events, which are
employed to determine the efficiency functions, are estimated using resampling techniques.

Type-II uncertainties are assigned by conducting extensive investigations and cross-verification
processes to validate the model assumptions. We explore alternative hypotheses regarding
the pdf shapes of the mass, ct, and angular variable distributions for both the signal and
background components. Additionally, we examine alternative models for the efficiency
functions to identify potential sources of bias. The impact of neglecting background from

http://arxiv.org/abs/2412.19952
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Figure 4. Representation of the CP observables in the (Re
[
2λf/(1 + |λf |2)

]
, Im

[
2λf/(1 + |λf |2)

]
)

Cartesian plane. The contours shown correspond to 39.3% of the distribution.

Source Cf A∆Γ
f A∆Γ

f̄
Sf Sf̄

Invariant-mass fit 0.045 0.095 0.121 0.088 0.112
Flavour tagging 0.256 0.026 0.028 0.012 0.070
Oscillation frequency ∆ms 0.006 0.005 0.004 0.108 0.101
Detection asymmetry Adet 0.001 0.079 0.082 0.007 0.007
Decay-time resolution model 0.195 0.008 0.008 0.054 0.166
Decay-time acceptance, Γs, ∆Γs 0.006 0.397 0.400 0.009 0.009
Decay-time acceptance simulation 0.004 0.064 0.064 — 0.004
Decay-time bias 0.062 0.027 0.046 0.188 0.167
Neglecting correlations 0.137 0.081 0.054 0.135 0.043

Total 0.358 0.430 0.439 0.277 0.293

Table 3. Systematic uncertainties on the CP observables, expressed as a fraction of the corresponding
statistical uncertainties. The value “—” indicates that the contribution is negligible.

Parameter Cf A∆Γ
f A∆Γ

f̄
Sf Sf̄

Cf 1 0.008 0.012 −0.080 −0.246
A∆Γ

f 1 0.878 0.004 −0.022
A∆Γ

f̄
1 −0.002 −0.022

Sf 1 0.085
Sf̄ 1

Table 4. Correlation matrix of the total systematic uncertainties of the CP observables.
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AKπ
SS AKK

CP Aππ
CP AπK

OS RKK
CP Rππ

CP RπK
OS AKπππ

SS Aππππ
CP AπKππ

OS Rππππ
CP RπKππ

OS

Asymmetry corrections 0.17 0.072 0.067 0.078 — — — 0.17 0.073 0.16 — —
Branching fractions — — — — 0.88 1.2 — — — — 3.5 —
Selection efficiencies — — — — 0.87 0.76 0.0024 — — — 1.2 0.0047
PID efficiencies — — — — 0.22 0.23 — — — — 0.36 —
Signal shape — — 0.046 0.067 0.20 0.26 0.0011 — 0.020 0.069 0.31 0.0021
Combinatorial shape 0.034 0.053 0.14 2.6 0.30 0.29 0.021 0.014 0.22 0.097 0.14 0.0071
Part. reco. background — — — 0.16 0.072 0.12 0.0043 — — — — —
Charmless background — — 4.9 0.034 — 4.5 — — 2.9 — 3.0 —
Λ0
b background — — 0.016 0.044 0.030 0.039 — — — — — —

B0
s background 0.046 0.011 0.38 1.1 0.020 0.032 0.0093 0.038 0.12 0.54 0.27 0.0054

Total systematic 0.18 0.09 4.9 2.8 1.3 4.7 0.02 0.17 2.9 0.5 4.8 0.01
Statistical 1.4 4.0 9.0 16.4 5.0 9.0 0.19 1.8 6.0 21.8 7.0 0.26

Table 2. Summary of systematic uncertainties for two- and four-body modes (×10−2). Contributions which are less than 0.1% of the statistical
uncertainty are not shown.

–
18

–

B± → DK*±

2/4 body decays

https://doi.org/10.1007/JHEP02(2025)113
https://doi.org/10.1007/JHEP03(2025)139


Measurements of CPV parameters and  (LHCb)γ

29A. Villa  violation in -hadronsCP b

[JHEP 02 (2025)]
[JHEP 03 (2025)]

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

σ(x+) σ(y+) σ(x−) σ(y−)
ci, si uncertainty 0.4 1.9 0.9 3.9
Fi inputs 1.5 0.4 1.7 0.4
Value of κ 0.8 0.4 0.6 0.8
Efficiency correction to ci, si 0.0 0.0 0.2 0.6
Bin migration 0.4 0.2 0.3 0.4
Mass model 0.1 0.1 0.1 0.3
Bias correction 0.4 0.6 0.3 0.6
Total systematic 1.8 2.1 2.1 4.1
Statistical 5.2 6.4 6.0 11.4

Table 3. Summary of systematic uncertainties for three-body modes (×10−2).

and fitting them with the nominal value of 0.95. The largest deviation in the CP observables
is taken as the systematic uncertainty. The nonuniform efficiency over the Dalitz plot can
lead to a small difference between the measured values of ci and si, and efficiency-corrected
values. The size of the correction is estimated using simulation to provide the efficiency
profile and the decay models from ref. [53] for D → K0

Sππ and ref. [54] for D → K0
SKK, and

fits to pseudodatasets are used to determine the systematic uncertainty.

Migration between the Dalitz plot bins can occur due to resolution effects on the
momentum of final-state particles. To first order, these effects are incorporated into the
Fi values. However, second-order effects arise due to the differences in CP violation in
B± → Dπ± and B± → DK∗± decays. These are determined by using the momentum
resolution in simulation, the CP violation observables of B±→ Dπ± [55], CP violation
observables of B±→ DK∗± determined in this analysis, and the D-decay model from ref. [53].
The observed differences between the two modes are used to generate pseudoexperiments
which are then fit with the nominal procedure to assign the systematic uncertainty due to
momentum resolution. The impact of the signal model is investigated by changing the fit
function to a modified Crystal Ball [56] with different widths on both sides. This has an
almost negligible impact. Removing the PRB contribution entirely has no impact on the
fit results and is not considered further. Corrections to the observed bias in the fit model
to measure the CP observables are obtained through pseudoexperiments. The dependence
of this bias correction on the values of γ, δB, and rB used in these simulation studies is
investigated by generating alternate pseudoexperiments with varied values of γ, δB, and rB.
The change in bias correction values is taken as the systematic uncertainty. A summary of
the systematic uncertainties in the three-body decay modes is given in table 3. The total
systematic uncertainties are approximately 35% of the statistical uncertainties.
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Table 1: Absolute systematic and statistical uncertainties, in percent, on the CP asymmetry
measurements, split by decay channel and data-taking period. The dashes represent systematic
uncertainties that do not contribute to the measurement in the corresponding sample.

Run 1 Run 2

⇤0
b! pK� ⇤0

b! p⇡� ⇤0
b! pK� ⇤0

b! p⇡�

Fit model 0.1 0.2 0.1 0.2
Particle identification 0.3 0.3 0.2 0.2

TIS trigger 0.1 0.1 < 0.1 < 0.1
TOS hardware trigger 0.2 0.2 0.1 0.1
TOS software trigger 0.3 0.3 0.2 0.2

Proton detection 0.1 0.1 < 0.1 < 0.1
Kaon detection 0.3 – 0.1 < 0.1
Pion detection – 0.1 < 0.1 < 0.1
⇤0

b production 0.1 0.1 – –
⇤0

b! ⇤+
c ⇡

� sample size – – 0.3 0.3

Total systematic 0.6 0.5 0.4 0.4
Statistical 1.5 1.9 0.7 0.9

ApK�

CP and 6.7/11 for Ap⇡�

CP , showing no dependence on the data-taking conditions. Using
Eq. (2) in each subsample and after computing their average value according to Ref. [48],
the Run 1 CP asymmetries are measured to be

ApK�

CP = (�0.3± 1.5± 0.6)%,

Ap⇡�

CP = (�0.6± 1.9± 0.5)%,

where the first uncertainties are statistical and the second are systematic, with the
correlation between the two measurements being 2.7%. The results are compatible
with the previous result from LHCb using the same dataset [14]. While the updated
measurements have larger statistical uncertainties due to the PID fiducial requirements,
the systematic and total uncertainties are significantly reduced, in particular due to the
new determination of the ⇤0

b production asymmetry [44]. As an additional cross-check, the
method formalized in Eqs. (7) and (8) is also used to measure the Run 1 CP asymmetries,
obtaining compatible results. The Run 2 CP asymmetries, measured following Eqs. (7)
and (8), are similarly averaged over the Run 2 samples to obtain

ApK�

CP = (�1.4± 0.7± 0.4)%,

Ap⇡�

CP = ( 0.4± 0.9± 0.4)%,

with a correlation of 9.8%. These values are compatible with the Run 1 results, with
which they are combined to obtain the final results

ApK�

CP = (�1.1± 0.7± 0.4)%,

Ap⇡�

CP = ( 0.2± 0.8± 0.4)%,
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(a) (b)

Extended Data Figure 1: Mass distributions of the control channel together with the
fit projections. Displayed are the mass distributions for the control channel: (a) ⇤0

b ! ⇤+
c ⇡

�,
(b) ⇤0

b ! ⇤�
c ⇡

+.

Extended Data Table 1: Nuisance asymmetry di↵erences between signal and control channels
for Runs 1 and 2.

Contribution Run 1 Run 2

Detection asymmetry di↵erence (0.055± 0.128)% (0.081± 0.050)%

PID asymmetry di↵erence (0.026± 0.141)% (�0.028± 0.002)%

Trigger asymmetry di↵erence (�0.039± 0.029)% (�0.050± 0.008)%

Total nuisance asymmetry di↵erence (0.042± 0.193)% (0.003± 0.051)%

Extended Data Table 2: Systematic uncertainties of the global ACP measurement for Runs 1
and 2.

Contribution Run 1 Run 2

Nuisance asymmetry di↵erence 0.193% 0.051%

Mass fit 0.044% 0.067%

Total systematic uncertainty 0.198% 0.084%
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