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Overview

Direct CP violation in three-body charm decays
• D+

(s) → K−K+K+ [arXiv:2303.04062]

• D0 → π+π−π0 [LHCb-PAPER-2023-005 in preparation]

CKM angles in beauty decays
• sin 2β from B0 → ψK0

S [LHCb-PAPER-2023-013 in preparation]

• ϕs from B0
s → J/ψK+K− [LHCb-PAPER-2023-016 in preparation]

• ϕs from B0
s → ϕϕ [arXiv:2304.06198]

• γ from B± → [K+K−π+π−]D h± [arXiv:2301.10328]

• Branching fractions of B0
(s) → D̄(∗)0ϕ [LHCb-PAPER-2023-003 in preparation]

Spectroscopy in hadron decays covered by other LHCb talks
• Conventional meson [Tim Gershon] and baryon [Zhihao Xu]

• Exotic hadrons [Elisabetta Spadaro Norella], [Yanxi Zhang], [Mindaugas Sarpis], [Bo Fang]
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https://arxiv.org/abs/2301.10328
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LHCb detector

A single-arm forward spectrometer at LHC [JINST 3 (2008) S08005] [IJMPA 30 (2015) 1530022]
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Direct CP violation in three-body charm decay

Direct CP violation corresponds to

ACP =
|Af|2 − |Āf̄|

2

|Af|2 + |Āf̄|2
̸= 0 ⇐= |Af|2 − |Āf̄|

2 = −2
∑

i,j

|Ai||Aj| sin(δi − δj) sin(ϕi − ϕj)

CP violation in charm hadrons only established recently
• Difference in time-integrated CP asymmetries of D0 → π+π− and

D0 → K+K− [PRL 122 211803]

• Evidence for CP asymmetry of D0 → π+π− [arXiv:2209.03179]

• No broad consensus whether BSM contributions are required
Three-body decays provide enhanced sensitivity in localised regions
• Variation of strong phase across Dalitz plot
• Model independent methods

▶ Statistical test
▶ Reduce systematic uncertainty on describing the resonant structure
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Search for CP violation in D+
(s) → K−K+K+

Cabbibo-suppressed D+
(s) decays LHCb Run 2

Signal purity 64% (D+
s ) and 78% (D+)

Model-independent binned techinique
• Dalitz plot binning scheme: avoid potential

sign-changing of CP asymmetry
• Two-sample χ2 test

S i
CP =

Ni(D+
(s)) − αNi(D−

(s))√
α(δ2

Ni(D+
(s))

+ δ2
Ni(D−

(s))
)

α =

∑
i Ni(D+

(s))∑
i Ni(D−

(s))

χ2(SCP ) =
∑

(S i
CP)2
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Search for CP violation in D+
(s) → K−K+K+

No evidence for CP violation

p-value(D+
s → K−K+K+) = 13.3%

p-value(D+ → K−K+K+) = 31.6%

• p-value variations checked with
Cabbibo-favored D+

s → K−K+π+ and
D+ → K−π+π+ decay

• different invariant-mass fit models
• different binning scheme
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Search for CP violation in D0 → π+π−π0

Cabbibo-suppressed D0 decays LHCb Run 2
• 4× LHCb Run 1 data [PLB 2014 11 043]

Flavour tagged with D∗+ → D0π+

Purity 81% (91%) for resolved (merged) π0

Equalisation procedure
• Magnetic polarity
• Fraction of merged and resolved π0

Model-independent unbinned technique

T ≡
1

2n(n − 1)

n∑
i,j ̸=i

ψij +
1

2n̄(n̄ − 1)

n̄∑
i,j̸=i

ψij −
1

nn̄

n,n̄∑
i,j

ψij

ψij = e−d2
ij/2δ2

, δ = 0.2 GeV2
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Figure 2: Dalitz plots for the background-subtracted signal samples for (left) the resolved and
(right) merged ⇡0 categories, with the two m2(⇡±⇡0) variables chosen for the projection. The
three ⇢±,0 resonances dominate the phase space.

Dalitz plane, have little remaining centre-of-mass energy for the neutral pion. As such,248

this region of phase space is dominated by resolved (low momentum) ⇡0 candidates.249

6 Sensitivity studies and optimisation250

The energy test has a single tunable parameter, �, which sets the phase-space scale of the251

test and is chosen to optimise the sensitivity of the method. The optimal value depends252

on the size of the dataset and the distribution of candidates in the phase space. Di↵erent253

values chosen for � may be optimal for di↵erent CP violation scenarios. Pseudoexperiments254

are used to study such e↵ects and select the � value for this analysis.255

In the pseudoexperiments, distributions of signal decays similar to the data are gener-256

ated in the phase space using the Laura++ package [64], with an amplitude model taken257

from a previous analysis of this channel [63]. This model consists of several components258

from di↵erent intermediate resonances and a non-resonant term, each multiplied by a259

complex coe�cient. The dominant contributions are from charged and neutral ⇢(770)260

resonances, with fit fractions of 67.8% (⇢+⇡�), 34.6% (⇢�⇡+), and 26.2% (⇢0⇡0) for the261

D0 decay. The D0 and D0 complex coe�cients, either in their magnitudes or phases, are262

adjusted for both the dominant (⇢(770)+⇡�) and sub-dominant (⇢(770)�⇡+) intermediate263

states to emulate CP -violation.264

For each pseudoexperiment the number of signal candidates is set to match the265

corresponding signal yield in data, for the combination of merged and resolved samples.266

Nonuniform e�ciency e↵ects and background contamination are implemented based on267

studies with the data to make the pseudoexperiments more realistic. For di↵erent studies,268

backgrounds are generated either with or without a global charge asymmetry.269

Pseudoexperiments are generated with CP asymmetries of varying size to study the270

sensitivity of the analysis as a function of the choice of � value. Phase (magnitude)271

di↵erences between D0 and D0 decay amplitudes are generated in the range 0.1�–1.0�272

(0.1%–1.0%). These pseudoexperiments are evaluated using the energy test method273
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Figure 2: Dalitz plots for the background-subtracted signal samples for (left) the resolved and
(right) merged ⇡0 categories, with the two m2(⇡±⇡0) variables chosen for the projection. The
three ⇢±,0 resonances dominate the phase space.
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(0.1%–1.0%). These pseudoexperiments are evaluated using the energy test method273

7

Ao Xu, INFN Pisa HADRON2023 7/25

[LHCb-PAPER-2023-005 in preparation]

Preliminary

Preliminary

Resolved π0

1.7M

Merged π0

0.8M

https://www.sciencedirect.com/science/article/pii/S0370269314008454?via%3Dihub


Search for CP violation in D0 → π+π−π0

No evidence for local CP violation

p-value = 62%

• Cross-checks with D0 → K−π+π0 decay
• background-dominated samples
• pseudoexperiments
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Figure 4: Distribution of T -values obtained by running the energy test over the final signal
D0

! ⇡�⇡+⇡0 sample (red line) superimposed on the corresponding distribution for the CP -
symmetry hypothesis, obtained from flavour-randomised permutations of the same data sample.

space for the decay D0
! ⇡�⇡+⇡0. The analysis uses the complete data sample available386

in LHCb Run 2, collected during 2015–2018, containing approximately four times the387

signal yield of the previous energy test analysis of this channel based on data taken in388

Run 1 during 2012 [34]. Compared to the previous publication, the present work benefits389

from a computationally more e�cient energy test implementation, from a re-optimised390

candidate selection, and from a more comprehensive suite of data-driven cross-checks to391

confirm that potential nuisance asymmetries can be neglected for the current sample size.392
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Angles of CKM unitarity triangle

[CKMFITTER GROUP]
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VudV∗
ub + VcdV∗

cb + VtdV∗
tb = 0 VusV∗

ub + VcsV∗
cb + VtsV∗

tb = 0

http://ckmfitter.in2p3.fr/www/results/plots_spring21/ckm_res_spring21.html#etiquette0


Measurements of β(s) with time-dependent analysis

Neutral B meson decays into CP eigenstates

ACP(t) =
Γ

(
B̄0

(s) → f
)

− Γ
(

B0
(s) → f

)
Γ

(
B̄0

(s) → f
)

+ Γ
(

B0
(s) → f

) =
Sd(s)

f sin
(

∆md(s)t
)

− Cd(s)
f cos

(
∆md(s)t

)
cosh

(
∆Γd(s)t/2

)
+ Dd(s)

f sinh
(

∆Γd(s)t/2
)

• b → ccs: golden channels
▶ sin 2β from B0 → ψK0

S

▶ ϕccs
s from B0

s → J/ψKK
• b → sss: penguin-dominated decay
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sin 2β from b → ccs

CKM angle β known to a high precision
• Clean experimental signature of B0 → ψK0

S decay
• Sf ≈ sin 2β

[EPJC81 (2021) 226]

sin(2β) ≡ sin(2φ
1
)
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sin 2β from B0 → ψK0
S

Three decay modes LHCb Run 2 data
• B0 → J/ψ (→ µµ)K0

S 306K
• B0 → ψ(2S)(→ µµ)K0

S 24K
• B0 → J/ψ (→ ee)K0

S 43K

Selection improved w.r.t. Run 1
Flavour tagging calibrated with
B0 → J/ψK∗ and B+ → J/ψK+

Correct decay-time distribution for
detector misalignment biases
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Figure 1: The invariant-mass distribution of the selected candidates with an identified flavour at
production of the merged Run 2 data set.

considered.92

An extended maximum-likelihood fit to the invariant-mass distribution is performed93

to determine the signal and background contributions to the sample. From the result of94

this fit a set of weights is determined using the sFit method [20] which is used to unfold95

the signal decay-time distributions from the data. The B signal modes are described96

by a two-sided Hypatia PDF [21]. The Hypatia tail parameters nL, ↵L, nR and ↵R are97

determined from the respective simulation sample, and ⇣ = � = 0 is chosen. The width,98

mean and parameter � are allowed to float in the fit to the data. The same model and all99

its shape parameters are used to describe the B0

s signal, but the mean, relative to that100

of the B0 component, is constrained to the known mass di↵erence. The combinatorial101

background is described by an exponential distribution and the partially-reconstructed102

low-mass background is described by a normal distribution.103

Figure 1 shows the invariant mass distribution of the selected candidates of all the decay104

modes and reconstruction categories with the fit function and the partial contributions105

overlaid. In total, 306 090±570, 23 560±160 and 42 700±220 signal candidates with an iden-106

tified flavour at production (flavour tagged) are found in the modes B0! J/ (! µ+µ�)K0

S
,107

B0!  (2S)(! µ+µ�)K0

S
and B0! J/ (! e+e�)K0

S
, respectively.108

In the selected data sets, the flavour of the B meson at production, needed to evaluate109

Eq. 1, is determined by di↵erent methods that either exploit additional particles produced110

in the fragmentation of the b-quark associated to the signal B (SS tagging) or from111

the decay of the b-hadron opposite to the signal (OS tagging) collectively referred to112

as Flavour Tagging (FT). From the measured particle charges the initial B state can113

be inferred in the form of a tagging decision d = (+1, �1) ⌘ (B0, B0). These particles114

include protons and pions from the signal b-quark fragmentation process; kaons, electrons,115

muons and reconstructed charged charm-hadron decays as well as a weighted mean of the116

charges of all reconstructed decay vertices of the associated partner b-hadron decays. In117

addition to the tagging decision, a probability that the assigned decision is wrong (raw118

mistag or ⌘̃) is estimated for each candidate by means of a multivariate classification119

method. The raw mistag is calibrated by means of the lhcb-ftcalib software package [22]120

using flavour-specific channels that are kinematically similar to the signal channels, so121

that the calibrated mistag function !(⌘̃) closely matches the mistag probability in the122
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Figure 2: Decay-time distribution of the signal with an identified flavour at production, where
the background is statistically subtracted by means of the sPlot technique. The projections
of the CP fit for the individual contributions of the three decay modes and for the total are
superimposed.

calibration channels. The di↵erence in the tagging response for B0 and B0 mesons is123

taken into account with separate calibration functions !�(⌘̃) and !+(⌘̃), respectively. Two124

calibration channels are considered in this analysis: the B+! J/ K+ and B0! J/ K⇤
125

decays where the J/ is either reconstructed from two electrons or two muons, depending126

on the targeted signal mode. Selection criteria similar to the signal requirements are127

applied and weights to subtract backgrounds are determined by a fit to the B invariant128

masses, m(J/ K+) and m(J/ K⇤), with the sPlot technique. Before calibrating the129

tagging output the samples are weighted such that the relevant candidate kinematic130

distributions and properties match those of the corresponding signal decay mode. These131

distributions and properties are the B0 candidate pseudorapidity, transverse momentum132

and azimuth angle, and the number of reconstructed primary vertices. After the calibration133

of individual tagging algorithms, the OS and SS combinations are calibrated using both134

the control channels. The final FT calibration parameters are determined from a fit to the135

decay-time distribution of the B0! J/ K⇤ signal candidates where constraints on the OS136

parameters from the B+! J/ K+ calibration are applied. In this fit the asymmetry in137

the B0-B0 production, ↵ = (N(B0)�N(B0))/(N(B0)+N(B0)), as well as asymmetries in138

their tagging e�ciencies, defined here as �✏tag = (✏B
0

tag
� ✏B

0

tag
)/(✏B

0

tag
+ ✏B

0

tag
), are determined139

and propagated to the signal fit. The e↵ective tagging e�ciency ✏tag,e↵ measures the140

e↵ective loss in statistics compared to a perfectly tagged sample for a measurement of the141

time-dependent CP asymmetry. E↵ective tagging e�ciencies of ✏
J/ K0

S
tag,e↵

= (4.71 ± 0.01)%,142

✏
 (2S)K0

S
tag,e↵

= (4.62 ± 0.04)%, and ✏
J/ (!e+e�)K0

S
tag,e↵

= (6.48 ± 0.03)% for the three channels are143

achieved, respectively.144

The CP -violation parameters S and C are determined from a maximum-likelihood fit145

to the time-dependent decay rates of B0 and B0 tagged decays in the individual analysis146

channels. In addition, a simultaneous fit of all channels is performed using the same147

model. The total PDF can be expressed as148

P(t, d, ⌘̃) / e��t

⇢
[1 + d(1 � 2!+(⌘̃))]PB0(t) + [1 + d(1 � 2!�(⌘̃))]PB0(t)

�
(2)
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sin 2β from B0 → ψK0
S

Time-dependent CP asymmetry

SψK0
S

= 0.7158 ± 0.0133 (stat) ± 0.0078 (syst)

CψK0
S

= 0.0120 ± 0.0123 (stat) ± 0.0029 (syst)

• Most precise single measurement of β
• Dominate the world average
• Consistent between three modes

Consider contributions of penguin
diagrams when converting to sin 2β
• Measurements from penguin-free

b → cud transitions helpful
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Figure 3: Time dependent B0-B0 yield asymmetry weighted by the inverse FT dilution (black
points) and PDF projection of the combined fit to the merged Run 2 data set (black curve). The
background is subtracted with sWeights wi. The tagging decisions are dj and the FT dilution is
Dj = 1 � 2!(⌘̃j). Dark and light blue regions correspond to the 1� and 2� confidence intervals
of the statistical uncertainty of the fit only. The small vertical o↵set I of the fit with respect to
zero is due to production and FT asymmetries.

Table 1: Sources of leading systematic uncertainties for the CP violation parameters S and C of
the combined fit. Each contribution is a weighted average of the uncertainties of the individual
fits.

Source �(S) �(C)

Fitter validation 0.0004 0.0006
��d uncertainty 0.0055 0.0017

FT calibration portability 0.0053 0.0001
FT �✏tag portability 0.0014 0.0017
Decay-time bias model 0.0007 0.0013

Additional possible sources of systematic uncertainties are considered and found negligible.194

These include the small decay-time dependence of the FT e�ciency and of the mistag195

or the choice of di↵erent models for the decay-time e�ciency and the uncertainty on the196

decay-time resolution model parameters.197

Several cross checks are performed to assess the consistency of the results by splitting198

the samples into subsets according to the K0

S
reconstruction category, the year of data199

taking, SS and OS tagging amongst several others. In addition the fits are performed200

6

sin(2β) from B0 → ψK0
s(π

+π−)with 6 fb−1 LHCb

sin(2β) = 0.699 ± 0.017 ⇒ 0.708 ± 0.011
cos(2β) = 0.005 ± 0.015 ⇒ 0.006 ± 0.010

1.5× improvement

sin(2β) ≡ sin(2φ
1
)

0.4 0.5 0.6 0.7 0.8 0.9 1

BaBar J/ψ KS
PRD 79 (2009) 072009

0.657 ± 0.036 ± 0.012

BaBar J/ψ KL
PRD 79 (2009) 072009

0.694 ± 0.061 ± 0.031

BaBar ψ(2S) KS
PRD 79 (2009) 072009

0.897 ± 0.100 ± 0.036

Belle J/ψ KS
PRL 108 (2012) 171802

0.670 ± 0.029 ± 0.013

Belle J/ψ KL
PRL 108 (2012) 171802

0.642 ± 0.047 ± 0.021

Belle ψ(2S) KS
PRD 77 (2008) 091103(R)

0.718 ± 0.090 ± 0.031

LHCb Run 1 J/ψ KS
JHEP 11 (2017) 170

0.750 ± 0.040

LHCb Run 1 ψ(2S) KS
JHEP 11 (2017) 170

0.840 ± 0.100 ± 0.010

LHCb Run 2 J/ψ KS
LHCb-PAPER-2023-013

0.720 ± 0.014 ± 0.007

LHCb Run 2 ψ(2S) KS
LHCb-PAPER-2023-013

0.647 ± 0.053 ± 0.018

World Average
HFLAV

0.708 ± 0.011

HFLAVHFLAV
Summer 2023
PRELIMINARY
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ϕs from b → ccs

Indirect measurement ϕs = 0.0368+0.0006
−0.0009 [PRD84 2011 033005, updated with Spring 2021 results]

Direct measurement ϕccs
s = 0.049 ± 0.019 [HFLAV2021]

Ao Xu, INFN Pisa HADRON2023 14/25



ϕs from B0
s → J/ψK+K−

Legacy analysis of LHCb Run 2 data
m(K+K−) in the vicinity of ϕ(1020)

Flavour tagging calibrated with
B0

s → D+
s π

+ and B+ → J/ψK+

Correct decay-time distribution for
detector misalignment biases
Weighted simultaneous fit to decay
time and decay angles

candidates.48

Selected B0
s ! J/ K+K� candidates in the mass range [5200, 5550] MeV/c2 are49

subsequently retained for analysis. The data sample is divided into 48 independent50

subsamples, corresponding to six m(K+K�) bins with boundaries at 990, 1008, 1016,51

1020, 1024, 1032, 1050 MeV/c2, two trigger categories for different time efficiencies, and52

four years of data taking. The invariant mass of selected B0
s candidates, m(J/ K+K�),53

and its corresponding uncertainty �m are calculated by constraining the J/ mass to54

the world average [5] and requiring the B0
s candidate momentum to point back to the55

corresponding primary vertex. Using m(J/ K+K�) as the discriminating observable,56

a signal weight is assigned to each candidate with the sPlot method [15–17], using an57

extended maximum likelihood fit, shown in Fig. 1. The signal shape is described by a58

double-sided Crystal Ball function (CB) [18], whose width is parameterized as a function59

of �m, using a second-order polynomial. This parameterization [6] accounts for the60

correlation between m(J/ K+K�) and the helicity-angle cos ✓µ. The background from61

B0 ! J/ K+K� decays is modeled with the same CB function as the signal, sharing all62

shape parameters, except for the mean of the distribution. The difference between the63

means of the signal and B0 components is fixed to its world average [5]. The background64

due to random combination of tracks is modeled with an exponential function. The peaking65

background from B0 ! J/ K+⇡� is estimated to be negligible. The B0
s ! J/ K+K�

66

signal yields are 16181± 135, 103319± 342, 105465± 343 and 123870± 476 for 2015, 2016,67

2017 and 2018, respectively.68
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Figure 1: Distribution of m(J/ K+K�) for the full data sample (black points) and projection
of the maximum likelihood fit (solid blue line). The B0

s signal component is shown by the dashed
red line, the B0 component by the dash-dotted blue line and the combinatorial background by
the dotted green line.

The measurement of �s in B0
s ! J/ K+K� decays requires disentangling the CP -even69

and CP -odd decay amplitude components, depending upon the relative orbital angular70

momentum of the J/ and the dikaon pair from � resonance in a P-wave configuration and71

a small fraction of S-wave component. A weighted simultaneous fit to the distributions of72

decay-time and decay angles (cos ✓K , cos ✓µ,�h) in the helicity basis, as described in Ref. [6],73

is performed to the 48 independent subsamples, to determine the physics parameters of74

interest. These are �s; |�|; �s � �d; the B0
s mass and width differences, �ms and ��s;75

and the polarization amplitudes Ak = |Ak|e�i�k , where the indices k 2 {0, k,?, S} refer76

to the different polarization states of the K+K� system. The sum |Ak|2 + |A0|2 + |A?|277

2

φs in B0
s → J/ψ(µ+µ−)φwith 6 fb−1 LHCb fresh for FPCP

Sf ≈ sin(φs)

φccs
s = −2βs

Eur. Phys. J. C (2021) 81: 226
φHFLAV

s = −0.049 ± 0.019[rad] a
φCKM Fitter

s = −0.0181+0.00043
−0.00030[rad] b - SM

a
Eur. Phys. J. C (2021) 81: 226

b
CKM Fitter 2021, Eur. Phys. J. C (2005) 41: 131

b

s s

c
c

s

W

φ

J/ψ

direct

b

s s

c
c

s

W

φ→ K+K−

J/ψ→ µ+µ−

mixing

• P → VV : time-dependent angular decay rate

φJ/ψ

K+

K−

µ+

µ−

B0
s

φ

cos θKcos θL
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ϕs from B0
s → J/ψK+K−

ϕs = −0.039 ± 0.022 (stat) ± 0.006 (syst) rad
∆Γs = 0.0848+0.0044

−0.0045 (stat) ± 0.0024 (syst) ps−1

Γs − Γd = −0.0059+0.0013
−0.0014 (stat) ± 0.0014 (syst) ps−1

Most precise single
measurements
Consistent with SM
expectations
Supersede LHCb
measurement with
2015-16 data [EPJC79 2019 706]
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Figure 2: Decay-time and helicity-angle distributions for background-subtracted B0
s ! J/ K+K�

decays (data points) with the one-dimensional projections of the PDF at the maximum-likelihood
point. The solid blue line shows the total signal contribution, which contains (dotted yellow)
CP -even, (dash-dotted red) CP -odd and (dashed green) S-wave contributions. Data and fit
projections for the different samples considered (data-taking year, trigger and tagging categories,
m(K+K�) bins) are combined.

fit and summarized in the supplementary material. Relaxing the assumption that the157

CP -violating parameters are the same for all polarization states shows no evidence for158

any polarization dependence, and the corresponding results are summarized in Table 2.159

Table 2: Measured observables in polarization-dependent fit. The uncertainties are statistical
only.

Parameters Values
�0
s [ rad] �0.034± 0.023

�s
k � �0

s [ rad] �0.0019± 0.021
�s

? � �0
s [ rad] �0.0008+ 0.020

� 0.021

�s
S � �0

s [ rad] �0.0022+ 0.027
� 0.026

|�0| 0.969+ 0.025
� 0.024

|�k/�0| 0.982+ 0.055
� 0.052

|�?/�0| 1.107+ 0.081
� 0.075

|�S/�0| 1.121+ 0.085
� 0.078

The systematic uncertainties for the main physics parameters are summarized in160

Table 3. The tagging parameters are constrained in the fit and therefore their associated161
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ϕs from B0
s → ϕϕ

Penguin-dominated decay via b → sss
• Benchmark FCNC channel

Same analysis technique as b → ccs
Results from simultaneous fit

ϕs̄ss
s = −0.042 ± 0.075 (stat) ± 0.009 (syst) rad

|λ| = 1.004 ± 0.030 (stat) ± 0.009 (syst)

• Most precise measurement with
penguin-dominated decay

• Consistent with SM expectation
• No significant polarisation dependence

]2c [MeV/)-K+K-K+m(K
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Figure 1: (a) Mass distribution of the B0
s ! �� candidates, superimposed by the fit projections.

(b-d) Background-subtracted distributions of angular variables (cos ✓1 and �) and decay time,
superimposed by the fit projections.

to be 15840 ± 140. Based on the result of the fit to the mass distribution, a signal
weight is assigned to each candidate using the sPlot method [37]. These signal weights
are subsequently used in a maximum-likelihood fit [38] to the decay-time and angular
distributions in order to statistically subtract the background contribution.

The decay of a B0
s meson to the K+K�K+K� final state can proceed via the ��, �f0

and f0f0 intermediate states. Due to the small phase space of the decay f0 ! K+K�

and the narrow K+K� mass window used to select the � candidates, the latter two
contributions are highly suppressed and found to be negligible from an angular fit that
accounts for these contributions. Thus in the subsequent analysis, only the B0

s ! �� decay
is considered. The di↵erential decay rate is written as the sum of six terms, corresponding
to contributions from the three polarization states and their interferences,

d4�(t, ~⌦)

dtd~⌦
/

6X

k=1

hk(t)fk(~⌦) , (1)

where t is the decay time of the B0
s meson, and ~⌦ = (✓1, ✓2,�) denotes the helicity angles

of the two K+ mesons in the corresponding � rest frame (✓1, ✓2) and the angle between the
two � ! K+K� decay planes (�). The angular functions fk(~⌦) are defined in Ref. [18].
The time-dependent functions hk(t) are given by

hk(t) = Nke
��st


ak cosh

✓
��s

2
t

◆
+ bk sinh

✓
��s

2
t

◆
+Qck cos(�ms t) +Qdk sin(�ms t)

�
.

3

uncertainties estimated in the fit are reliable after correcting for the background dilution
e↵ect.

Various checks of the fit procedure are performed by splitting the data sample according
to magnet polarity, trigger selection, tagging category, data-taking period, and multiple
decay-time and B0

s -meson pT intervals. The e↵ect of tightening the kaon-identification
and MLP-output requirements is also studied. The fit results are compatible between
di↵erent subsamples in all checks.

The polarization-independent measurements of the CP -violation parameters �sss
s and

|�| in B0
s ! �� decays presented here are combined with the LHCb Run 1 measurements,

�sss
s = �0.17 ± 0.15 (stat) ± 0.03 (syst) rad and |�| = 1.04± 0.07 (stat)± 0.03 (syst) [17]

using the procedure described in Ref. [42]. In the combination, those systematic
uncertainties that arise from the same origin are taken to be completely correlated between
the Run 1 and Run 2 results. The combined values of the CP -violation parameters are
�sss
s = �0.074± 0.069 rad and |�| = 1.009± 0.030, with a correlation coe�cient of �0.02.

This is the most precise measurement of CP violation in B0
s ! �� decays to date, as is

illustrated in Fig. 2.
A polarization-dependent fit is performed using the same data set, where the parameters

�s,i and �i can take di↵erent values for the three polarization states. To reduce parameter
correlations in the fit, the phase di↵erences, �s,k � �s,0 and �s,? � �s,0, and ratios, |�?/�0|
and |�k/�0|, are used as fit parameters. The measured values are

�s,0 = �0.18± 0.09 rad , |�0| = 1.02± 0.17 ,

�s,k � �s,0 = 0.12± 0.09 rad , |�?/�0| = 0.97± 0.22 ,

�s,? � �s,0 = 0.17± 0.09 rad , |�k/�0| = 0.78± 0.21 ,

where the uncertainties are statistical only. No significant di↵erence between di↵erent
polarization states is observed.

In conclusion, a measurement of the polarization-independent CP -violation observables
in B0

s ! �� decays is performed using data collected with the LHCb detector in 2015–2018,

-12011, 1 fb

-1Run 1, 3 fb

-1Run 1 + 2015 + 2016, 5 fb

-1Run 2, 6 fb

-1Run 1 + Run 2, 9 fb

 [rad]sss
sφ

3− 2− 1− 0 1

LHCb

SM prediction

Figure 2: Comparison of �sss
s measurements from this and previous analyses [16–18] by the

LHCb collaboration. The vertical band indicates the SM prediction [6, 7, 9].
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CKM angle γ from B → DK

γ =
(
65.9+3.3

−3.5
)◦

[arXiv:2206.07501]

Favoured b → cus and suppressed
b → ucs transitions
Interference occurs when D
decays to a common final state 0

0.2

0.4

0.6

0.8

1

C
L

−1

0 50 100 150 200
]° [γ

+K−
sD→0

sB
−π+π+K−

sD→0
sB

+*K0D→+B
+K0*D→+B
0*K0D→0B

+K0D→+B
Combined

+K−
sD→0

sB
−π+π+K−

sD→0
sB

+*K0D→+B
+K0*D→+B
0*K0D→0B

+K0D→+B
Combined

68.3%
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PDG 2022

LHCb has pursued this strategy with a wide range of D final states
• Kπ, Kπππ, ππππ [PLB760 (2016) 117], [arXiv:2209.03692]

• K0
SKπ, K0

Shh [JHEP06 (2020) 58], [JHEP 02 (2021) 0169]

• hhπ0 [JHEP 07 (2022) 099]

• B± → D(∗)h± [JHEP 04 (2021) 081]
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γ from B± → [K+K−π+π−]D h±

h = K, π with LHCb Run 1 and 2
Binning scheme of (∆δD, rD)
• Minimise dilution of strong phases
• Maximise interference effects

CP-violating observables from
measurement of yields in bins of
phase space

Fit result
(

×102
)

xDK
− 7.9 ± 2.9 (stat) ± 0.4 (syst) ± 0.4

yDK
− −3.3 ± 3.4 (stat) ± 0.4 (syst) ± 3.6

xDK
+ −12.5 ± 2.5 (stat) ± 0.3 (syst) ± 1.7

yDK
+ −4.2 ± 3.1 (stat) ± 0.3 (syst) ± 1.3

xDπ
ξ −3.1 ± 3.5 (stat) ± 0.7 (syst) ± 0.1

yDπ
ξ −1.7 ± 4.7 (stat) ± 0.6 (syst) ± 1.1
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Figure 1: Left: Optimised 2⇥ 8 binning scheme in ��D-ln(rD) space. Right: The associated ci
and si parameters calculated using the amplitude model (right). The numbers indicate the bin
numbers.

Table 1: Values of ci, si, Fi and Vi for the optimised 2⇥ 8 binning scheme, as calculated from
the amplitude model.

Bin number ci si Fi F�i Vi V�i

1 �0.7317 �0.4343 0.0157 0.0495 0.0555 0.0555
2 �0.0076 �0.8528 0.0185 0.0644 0.0645 0.0645
3 0.6406 �0.6056 0.0295 0.1024 0.0753 0.0754
4 0.9151 �0.1728 0.0687 0.1466 0.0654 0.0655
5 0.9247 0.1887 0.0815 0.1646 0.0742 0.0742
6 0.6853 0.6021 0.0398 0.0973 0.0665 0.0664
7 �0.0032 0.8490 0.0143 0.0488 0.0510 0.0510
8 �0.7368 0.4041 0.0132 0.0451 0.0475 0.0476

there would be a reduction in statistical sensitivity compared to current expectations, but
the result obtained for � would have no model-dependent uncertainty.

4 The LHCb detector and data set

This analysis uses data collected by the LHCb experiment in pp collisions at
p
s = 7TeV,

8TeV and 13TeV. The data sets correspond to integrated luminosities of 1 fb�1, 2 fb�1

and 6 fb�1, respectively.
The LHCb detector [27, 28] is a single-arm forward spectrometer covering the

pseudorapidity range 2 < ⌘ < 5, designed for the study of particles containing b or
c quarks. 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 of about 4Tm, and
three stations of silicon-strip detectors and straw drift tubes placed downstream of the
magnet. The tracking system provides a measurement of the momentum, p, of charged
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[arXiv:2301.10328]
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https://arxiv.org/abs/2301.10328


γ from B± → [K+K−π+π−]D h±

Interpretation in terms of underlying
physics parameters

γ =
(

116+12
−14

)◦

δDK
B =

(
81+14

−13
)◦
, rDK

B = 0.110+0.020
−0.020

δDπ
B =

(
298+62

−118
)◦
, rDπ

B = 0.0041+0.0054
−0.0041

• γ and δDK
B consistent with other channels

within 3σ
• Good agreement for rDK

B , δDπ
B , rDπ

B
• Model-independent determination can be

achieved with future measurement of
D-meson strong-phase parameters from
BESIII [CPC44 (2020) 040001]

• Measurements integrated over phase
space also performed
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Branching fractions of B0
(s) → D̄(∗)0ϕ

Evidence for B0 → D̄(∗)0ϕ with LHCb Run 1 and 2 data
B

(
B0 → D̄0ϕ

)
= (7.7 ± 2.1 (stat) ± 0.7 (syst) ± 0.7 (ext) ) × 10−7

B
(

B0 → D̄∗0ϕ
)

= (2.2 ± 0.5 (stat) ± 0.2 (syst) ± 0.2 (ext) ) × 10−6

Update branching fraction of B0
s → D̄(∗)0ϕ

B
(

B0
s → D̄0ϕ

)
= (2.30 ± 0.10 (stat) ± 0.11 (syst) ± 0.20 (ext) ) × 10−5

B
(

B0
s → D̄∗0ϕ

)
= (3.17 ± 0.16 (stat) ± 0.17 (syst) ± 0.27 (ext) ) × 10−5

• Sensitivity to γ: 8-19◦ [CPC45 (2021) 023003]
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Figure 3: Distributions of mKK for (left) the Run 1 data and (right) the Run 2 data. The
results of the fits are overlaid.

less than 3%, ensures that the sP lot technique appropriate. The � signal distribution is194

modelled with a Breit–Wigner PDF convolved with a resolution function described by195

the sum of two CB functions. The width of the Breit–Wigner function is fixed to the196

known value [9] and the pole mass is determined from data. The parameters of the CB197

functions are fixed to the values obtained from the simulation. The non-� background198

shape [14] is modelled with a phase space factor p⇥ q multiplied by a quadratic function199

1 + ax + b(2x2 � 1), where p and q are the kaon momentum in the K+K� rest frame200

and the momentum of the D0 in the D0K+K� rest frame, respectively. The variable x201

is defined as 2(mK+K� � 2mK)/�� 1, where � is the width of the mK+K� mass range202

considered. The parameters a and b are determined in the fit. The fit results are shown203

in Fig. 3. The � signal yields obtained from the fit are 615± 37, for the Run 1 data, and204

2410± 74, for the Run 2 data, respectively.205

The weighted invariant-mass distributions of mD0K+K� candidates are shown in Fig. 4.206

A B0

s ! D0� signal peak is clearly visible, while the B0 ! D0� signal peak is much less207

significant. Contributions from B0

(s) ! D⇤0(! D0⇡0/D0�)� decays can be seen in the208

region below mB0
s
�mD⇤0 +mD0 .209

An extended unbinned maximum-likelihood fit to the weighted mD0K+K� distribution210

is performed to determine the various signal yields. The B0

s ! D0� shape is modelled211

similarly to the normalisation mode B0 ! D0K+K�, for which the mean value and212

resolution of the PDF are free parameters. The parameters for the B0 ! D0� shape are213

shared with the B0

s ! D0� shape except for the mean value, which is shifted by the known214

mass di↵erence between the B0

s and B0 mesons [9]. The reconstructed m(D0�) mass from215

the B0

(s) ! D⇤0� modes strongly depends on the polarisation of the B-decay amplitudes,216

which is a priori unknown,. To ascertain its e↵ect, two extreme polarisation configurations217

are considered: fully longitudinal (the longitudinal polarisation fraction fL = 1) and fully218

transverse (fL = 0). They have di↵erent shapes due to the di↵erent D⇤0 helicities, and219

are modelled by analytical functions derived from their angular distributions [52], with220

parameters determined from fits to corresponding simulated samples. The PDFs of the221

two D⇤0 decay modes D⇤0 ! D0⇡0/D0� are summed according to their relative branching222

fractions [9] and corresponding e�ciencies. The total PDF for the B0

s ! D⇤0� signals is223
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Figure 4: Distributions of weighted mD� for (left) Run 1 data and (right) Run 2 data. The
results of the fits are overlaid.

then modelled as the sum of the longitudinal and transverse components with fL(B0

s ) as224

a free parameter. The B0 ! D⇤0� shapes are modelled in a similar way, after applying225

the known mass shift mB0
s
� mB0 and with an independent parameter fL(B0). The226

combinatorial background is accounted for by a linear function. A partially reconstructed227

background in the low mass region is also considered with its shape determined from the228

RapidSim [53] package.229

A simultaneous fit to the Run 1 and Run 2 data samples is performed to extract the230

ratios of the branching fractions between the signal and normalisation modes, defined as231

R(B0

(s) ! D(⇤)0�) ⌘
B(B0

(s) ! D(⇤)0�)⇥ B(� ! K+K�)

B(B0 ! D0K+K�)

=
N(B0

(s) ! D(⇤)0�)⇥ "(B0 ! D0K+K�)

N(B0 ! D0K+K�)⇥ "(B0

(s) ! D(⇤)0�)
⇥ F, (1)

where N represents the yields of the signal and control channels, and " the corresponding232

e�ciencies (see Sec. 6). The parameter F is unity for the B0 ! D(⇤)0� decays, and is233

fd/fs [54] for the B0

s ! D(⇤)0� decays. The results of the simultaneous fit are shown in234

Table 1, where the uncertainties are statistical.235

The fit strategy is validated with pseudoexperiments. The mean values of the parame-236

ters are confirmed to be unbiased. However, the uncertainties are underestimated due to237

the sP lot method used to subtract the non-� background. The corrected uncertainties,238

determined from the pull distributions of the pseudoexperiments, are updated in Table 1.239

The significance is evaluated with a likelihood-based test, in which the likelihood240

distribution of the background-only hypothesis is obtained using pseudoexperiments [55],241

and then convolved with a Gaussian distribution to include the systematic uncertainty.242

Significances of 3.6 � for the decays B0 ! D0� and 4.3 � for B0 ! D⇤0� are obtained.243
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Preliminary

https://iopscience.iop.org/article/10.1088/1674-1137/abd16d


LHCb upgrades

Two phases of upgrade are scheduled for the LHCb detector
• Boost of statistics

LHC Run Period
√s

[TeV ]
Instantaneous lumi.

[cm2 s1]
Integrated lumi.

[fb−1 ]
Pile-up

Upgrade I 2019-2021
Run 3
Run 4

2022-2024
2027-2030

14 2 × 1033 50 5

Upgrade II 2031
Run 5 2032 → 14 2 × 1034 300 50

[CERN-LHCC-2011-001, CERN-LHCC-2012-007, CERN-LHCC-2017-003, CERN-LHCC-2018-027]
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Trigger-less readout
From Upgrade I onward: trigger-less readout and fully software trigger
• Price: little sensitivity for unprepared things
• Careful plan ahead of data taking

40 MHz bunch crossing rate

450 kHz
h±

400 kHz
µ/µµ

150 kHz
e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger

12.5 kHz (0.6 GB/s) to storage

Partial event reconstruction, select 
displaced tracks/vertices and dimuons

Buffer events to disk, perform online 
detector calibration and alignment

Full offline-like event selection, mixture 
of inclusive and exclusive triggers

LHCb 2015 Trigger Diagram
30 MHz inelastic event rate 

(full rate event building)

Software High Level Trigger

2-5 GB/s to storage

Full event reconstruction, inclusive and 
exclusive kinematic/geometric selections

Add offline precision particle identification 
and track quality information to selections

Output full event information for inclusive 
triggers, trigger candidates and related 
primary vertices for exclusive triggers

LHCb Upgrade Trigger Diagram

Buffer events to disk, perform online 
detector calibration and alignment

Ao Xu, INFN Pisa HADRON2023 23/25
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Improved detector performance

IP resolution improved thanks to the upgrade of tracking systems
• Decrease of 5 fs in decay-time resolution for B0

s → J/ψϕ mode
• (Left) Upgrade I: Run 2 VS Run 3
• (Right) Upgrade II: Scenario 1 VS Scenario 2
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[CERN-LHCC-2012-007, CERN-LHCC-2017-003]



Summary

Fruitful recent results of CP violation from LHCb
• Direct CP violation in three-body charm decays
• CKM angles in beauty decays
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Backup



sin 2β from B0 → ψK0
S

Systematic uncertainties

Ao Xu, INFN Pisa HADRON2023 27/25
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ϕs from B0
s → J/ψK+K−

Systematic uncertainties
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[LHCb-PAPER-2023-016 in preparation]



γ from B± → [K+K−π+π−]D h±

Systematic uncertainties
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