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• Taggers
• “Same side(SS)”: produced with 

signal B meson
• “Opposite side(OS)”: produced 

from related �𝑏𝑏-hadron to signal 
B meson

• 𝜖𝜖eff ∝ 1/𝜎𝜎𝑠𝑠𝑡𝑡𝑠𝑠𝑡𝑡
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LHCb-FIGURE-2020-002

• (4.62-6.48)% for B0 → 𝜓𝜓𝐾𝐾𝑆𝑆
• (5.7-6.3)% for Bs → 𝜙𝜙𝜙𝜙
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The LHCb experiment @ LHC

~20 m

•The LHC is a unique heavy-flavour factory 
Large cross-section for production of  and  
‣  All kinds of beauty hadrons 
‣ Datasets with millions of charm candidates  

•LHCb is designed to exploit it 
Low trigger threshold on hadrons, muons and photons 
Excellent decay-time resolution ( ), 
momentum resolution ( ), 
PID performances (  eff. 95% for 5%  misID) 

Challenging environment for Flavour-Tagging of  

‣ , with large samples 
( in cleaner env., but smaller samples) 

‣  flavour tagged with the abundant prompt-  decays

bb cc

σt ∼ 45 fs
σp/p ∼ 0.4 − 0.6 %

K π → K

B0
(s)

εLHCb
eff ≡ ϵ(1 − 2ω)2 ≈ 4 − 8 %
εBelleII

eff ≈ 30 %
D0 D*+ → D0π+

[Int. J. M
od. Phys. A30(2015)1530022] 

[JIN
ST 3 S08005]

https://doi.org/10.1142/S0217751X15300227
https://doi.org/10.1088/1748-0221/3/08/S08005
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Unitarity triangle and TD-CPV
•The CKM matrix: 

rules all quark-flavour and CPV 
phenomena in the Standard Model (SM) 
is unitary 

•Experimental checks of  
Unitarity Triangles are 
redundant 

Tree-level dominated processes 
 SM benchmarks 

Sizeable loop-level diagrams 
 Eventual New Physics 

        contributions 

•Powerful SM tests

⟹

⟹

CKM metrology
• One of the most powerful tools to test the 

Standard Model
• The CKM matrix has only 4 parameters
– The Unitary Triangle is highly overconstrained from 

many measurements
– Unique consistency check
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Chapter 4

CP violation in the B-system

In the previous chapter we have identified where CP violation occurs in the general for-
malism of meson decays, and classified the various categories. In the coming sections we
will investigate a few special decays with which CP violation is measured and the phases
of the CKM elements are determined [9].

Remember the Wolfenstein parametrization, Eq. (2.16), since it so widely used. This pa-
rameterization is very convenient to localize weak phase differences in Feynman diagrams:

VCKM,Wolfenstein =

⎛

⎝

|Vud| |Vus| |Vub|e−iγ

−|Vcd| |Vcs| |Vcb|
|Vtd|e−iβ −|Vts|eiβs |Vtb|

⎞

⎠+O(λ5) (4.1)

In this chapter we will see how the angles β, βs and γ can be determined.

At first sight it might be remarkable that complex phases can be observed, because the
complex phase in an amplitude A = |A|eiϕ disappears in the expectation value, AA† =
|A|2ei(ϕ−ϕ) = |A|2. However, several decay amplitudes Ai = |Ai|eiϕi might contribute to
the total amplitude A [19]. Each phase consists of a CP-odd phase φi originating from
complex coupling constants, and a CP-even phase δi, typically originating from gluon
exchange in the final state (and strong interactions are CP-conserving!). Therefore we
have for the CP-conjugated amplitude Āi = |Ai|ei(−φi+δi). Now we can calculate the
difference in the magnitude of the total amplitude |A(a → b)| and the CP-conjugate
|Ā(ā → b̄)|:

|A|2 = |A1 + A2|2 = |A1|2 + |A2|2 + |A1A2|
(

ei((φ1+δ1)−(φ2+δ2)) + ei(−(φ1+δ1)+(φ2+δ2))
)

= |A1|2 + |A2|2 + 2|A1A2| cos(∆φ+∆δ)

|Ā|2 = |Ā1 + Ā2|2 = |A1|2 + |A2|2 + |A1A2|
(

ei((−φ1+δ1)−(−φ2+δ2)) + ei(−(−φ1+δ1)+(−φ2+δ2))
)

= |A1|2 + |A2|2 + 2|A1A2| cos(−∆φ +∆δ)

An explicit example will be shown in Section 4.1.
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cdV Vcb
*

VtdVtb
*

ubVudV *

cdV Vcb
*

Vub cdV V VtdVtbudV cb+ + = 0* * *

Re0 1

(ρ,η)

α

γ β

Im Vub V V V VtbV + + = 0* * *
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0
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Figure 2.6: (a) “The” unitarity triangle. Shown in the complex plane is the relation
1 + VtdV ∗

tb/VcdV ∗
cb + VudV ∗

ub/VcdV ∗
cb = 0. (b) The analogous unitarity triangle for the B0

s -
system, with the d-quark replaced by the s-quark, 1 + VtsV ∗

tb/VcsV ∗
cb + VusV ∗

ub/VcsV ∗
cb = 0.

The parameters ρ, and η can be expressed in terms of the Wolfenstein parameters ρ and
η as follows:

ρ = ρ(1−
1

2
λ2) +O(λ4) η = η(1−

1

2
λ2) +O(λ4) (2.14)

The angles in “the” unitarity triangle are defined as follows:

α ≡ arg

[

−
VtdV ∗

tb

VudV ∗
ub

]

β ≡ arg

[

−
VcdV ∗

cb

VtdV ∗
tb

]

γ ≡ arg

[

−
VudV ∗

ub

VcdV ∗
cb

]

βs ≡ arg

[

−
VtsV ∗

tb

VcsV ∗
cb

]

(2.15)
Note that these definitions are convention independent: any phase added to a specific
quark cancels out in either the product or the ratio of the CKM-elements. Equivalently,
the CKM triangles can be rotated and scaled in the complex plane, without affecting the
internal angles of the triangles.

In the Wolfenstein parametrization a phase convention is used such that the elements
Vtd, Vub and Vts have an imaginary component (to order O(λ4)), and VcdV ∗

cb is real and
negative, see Fig. 2.7.

V Vtbtd
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V Vcd cb
*

Vtdarg

Varg ub
*

V V *
cs cb

βs

Vtsarg

V Vcd cb
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V V *

V V *

ud ub

ts tb

π π
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Im
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Im

Re
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γ=

Figure 2.7: The angles β, γ and βs using the phase convention as given by the Wolfenstein
parameterization. (a) β (b) γ (c) βs.
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TD-CPV 
case

TODAY 
- World-leading TD measurements  
   of , , and 

- Improved searches for TD-CPV  
   in  and  

β βs γ

D0 → K+π− D0 → π+π−π0

3.5 The Amplitude of the Box diagram 35

3.5 The Amplitude of the Box diagram

The short distance contribution to the P 0 ↔ P̄ 0 transitions of neutral meson oscillations
is described by ∆m and can be represented by a Feynman diagram known as the box
diagram, and can be calculated in perturbation theory.

In this section we will calculate the value of ∆m by studying this so-called box diagram.
We will investigate the process of K0 ↔ K̄0 using the CKM matrix. To describe mixing
between a K0 which has strangeness S = 1 and a K̄0 which has S = −1 we must introduce
an amplitude which creates a ∆S = 2 transition. This must necessarily be a second order
weak interaction. The transition necessary for mixing is shown in Fig. 3.2. The calculation
of the box diagram is quite complicated but we will illustrate some of the features in the
calculation of the K0

L −K0
S mass difference.

The mass difference is given by

∆m = mK0
L
−mK0

S
= ⟨K0

L|H|K0
L⟩ − ⟨K0

S|H|K0
S⟩ (3.13)

As we saw in the previous section, the mass eigenstates can be expressed as a linear
combination of the flavour eigenstates. The amplitude ⟨K0|H|K̄0⟩ can now be calculated
via the box diagram of Fig. 3.2. As an example we use the Feynman rules to derive an
expression for the amplitude where both the intermediate quarks are u quarks:

Muu = i

(

−igw
2
√
2

)4

(V ∗
usVudV

∗
usVud)

∫

d4k

(2π)4

(

−igλσ − kλkσ/m2
W

k2 −m2
W

)(

−igαρ − kαkρ/m2
W

k2 −m2
W

)

[

ūsγλ(1− γ5)
k/ +mu

k2 −m2
u

γρ(1− γ5)ud

] [

v̄sγα(1− γ5)
k/+mu

k2 −m2
u

γσ(1− γ5)vd

]

Here we readily recognise the weak coupling constant to the fourth power, the CKMmatrix
elements for the vertices, the W propagator terms, the quark and anti-quark spinors and
the factors for the intermediate fermion lines.

d

K0 K
0

du, c, t

W

s

u, c, t

W

s

Vud,cd,tdV ∗

us,cs,ts

Vud,cd,td V ∗

us,cs,ts

d

K0 K
0

dW

u, c, t

s

W

u, c, t

s

Vud,cd,tdV ∗

us,cs,ts

Vud,cd,td V ∗

us,cs,ts

Figure 3.2: Box diagrams responsible for K0 → K̄0 mixing.

M0 M0❓
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Measuring complex numbers

Before we continue, we can reflect on the principle behind the measurement of the complex
phase β. Let us show once more how the complex phase appears as an observable, starting
from the |B0⟩ wave function and the two decay amplitudes. Remember our wave function
of the decaying, oscillating neutral meson, Eq. (3.10):

|B0(t)⟩ = g+(t)|B0⟩+
(

q

p

)

g−(t)|B̄0⟩ = e−iMt−i 1
2
∆Γt

(

cos
∆mt

2
|B0⟩+ i sin

∆mt

2

(

q

p

)

|B̄0⟩
)

|B̄0(t)⟩ = g−(t)

(

p

q

)

|B0⟩+g+(t)|B̄0⟩ = e−iMt−i 1
2
∆Γt

(

i sin
∆mt

2

(

p

q

)

|B0⟩+ cos
∆mt

2
|B̄0⟩

)

again using ∆Γ ≈ 0 for the B0 case, see Table 3.2. The factor q
p accounts for the B0 → B̄0

oscillation. We saw that for the B0-mesons holds | qp | = 1, more specifically, q
p = e−i2β .

How is this phase factor e−i2β measurable, in general? If we would measure the number
of B0-mesons (i.e. produced as a B0) and compare that to the number of B̄0-mesons
(i.e. produced as a B̄0) at time t = π

2∆m , then both the unoscillated and the oscillated
amplitudes are of equal magnitude, and the CP asymmetry can be written as:

ACP

(

t =
π

2∆m

)

=
|1 + ie−i2β |2 − |ie+i2β + 1|2

|1 + ie−i2β |2 + |ie+i2β + 1|2
= sin 2β (4.9)

The situation is schematically shown in Fig. 4.3. The total amplitude of the CP-conjugated
situation will have a different magnitude if there are two phases, of which one flips sign
under CP transformation!
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d

b

d, s

s, d

c
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b
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du, c, t

W−

W
W

b

d

d, s

s, d

c

c

Vtd Vbc

Vtd

V ∗
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c
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V ∗
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W+

W

W
b

d

d, s

s, d

c

c

V ∗

td
V ∗
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V ∗

td

Vcs

Figure 4.3: Adding two amplitudes results in a Atot with different magnitude under CP.
.
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Beauty formalism for TD-CP asymmetries

CfCP
=

1 − |λfCP
|2

1 + |λfCP
|2

SfCP
=

2Im[λfCP
]

1 + |λfCP
|2

(Sf )2 + (Cf )2 + (AΔΓ
f )2 = 1

(qAf)/(pAf) ≡ λf = |λf |eiϕ f
d(s)

CPV in the decay CPV in interference  
of mixing and decay

ACP, f(t) =
ΓB0

(s)→f(t) − ΓB0
(s)→f(t)

ΓB0
(s)→f(t) + ΓB0

(s)→f(t)
=

Sf sin(Δmd(s)t)−Cf cos(Δmd(s)t)

cosh ( ΔΓd(s)

2 t) + AΔΓ
f sinh ( ΔΓd(s)

2 t)

No CPV in mixing 
|q/p | = 1

•  and  are golden modes 
Ruled by  mixing and tree-level  transitions 

‣ Penguin contributions are measured to be negligible 
No CPV in the decay:  

 accessible due to CPV in interference of decay with 
and without mixing:  

B0 → J/ψK0
S B0

s → J/ψϕ
B0

(s) b → ccs

CfCP
= 0 ⟺ |λfCP

| = 1
β(s)

SfCP
= sin(±2β(s)) ⟺ ϕccs

d(s) = ± 2β(s)

|BL,H⟩ = |B0
q⟩q ± |B0

q⟩p
Af = ⟨ f |HW |B0

(s)⟩
Af = ⟨ f |HW |B0

(s)⟩
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Pðt; d; ηÞ ∝ e−Γdt=ℏ
!"
1þ d

#
1 − 2ωþðηÞ

$%
PB0ðtÞ

þ
"
1þ d

#
1 − 2ω−ðηÞ

$%
PB̄0ðtÞ

&
ð2Þ

with

PB0;ðB̄0ÞðtÞ ∝ ð1 ∓ αÞð1 ∓ ΔϵtagÞ

× ½1 ∓ S sinðΔmdtÞ % C cosðΔmdtÞ&; ð3Þ

and where Γd is the B0 decay width. The decay-time
resolution is accounted for in the fit by convolving Eq. (2)
with a decay-time resolution model that is validated
on simulation, corresponding to an effective resolution
of about 60 fs. The effect of the resolution on the
CP-asymmetry amplitude is at the level of 0.5‰ and thus
small compared to the statistical sensitivity. The resolution
model consists of the sum of three Gaussian distributions
centered at zero with widths defined as linear functions of
the decay-time uncertainty. A possible bias in the decay-
time reconstruction due to VELO misalignment is consid-
ered and modeled by a second-degree polynomial of the
decay-time uncertainty. The parameters of the model are
determined from a fit to the decay-time distribution of a
data sample made of J=ψπþπ− candidates compatible with
originating from the PV. The effect of the decay-time
dependent signal-reconstruction efficiency is accounted for
by multiplying the total PDF by a cubic spline model,
whose shape is allowed to float in the fit. The parameters
Δmd and Γd are allowed to vary in the fit with Gaussian
constraints to their known values [10]. Similarly, the FT
calibration parameters and the production asymmetry are
constrained to the B0 → J=ψK'0 fit results using the full
covariance matrix. The effect of kaon regeneration and CP
violation in the neutral kaon system on the CP-violation

parameters of the B0 system are estimated [33,34] and
applied as a correction for each mode. The correction
assigned to the combined fit is þ0.0016 for S and −0.0035
for C. Figure 2 shows the decay-time distribution of the
signal candidates with the fit result overlaid. Figure 3 shows
the corresponding CP asymmetry as a function of decay
time, where the data points correspond to the maximum-
likelihood estimator of the time-integrated CP asymmetry
in each decay-time bin, defined as ACP

int ¼ −ð
PN

j κjdjDjÞ=
ð
PN

j κjD2
jÞ, whereby Dj ¼ ð1 − ωþ

j − ω−
j Þ is the tagging

dilution, dj is the tagging decision, and κj is the signal
event weight obtained with the sPlot method.
Several sources of systematic uncertainties on the

CP-violating observables are investigated, including those

FIG. 1. Invariant-mass distribution of the selected candidates
with an identified flavor at production of the three signal
channels.

FIG. 2. Decay-time distribution of the signal with an identified
flavor at production, where the background is statistically
subtracted by means of the sPlot method. The projections of
the time-dependent fit for the individual contributions of the three
decay modes and for the total are superimposed.

FIG. 3. Time-dependent CP asymmetry from the maximum-
likelihood estimator of the binned asymmetry with the fit result
overlaid.
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Measurement of sin2b with !! → #$"!
[PRL132(2024021801]

• Combined analysis of three modes and four '$# → 8"8'
reconstruction (LL, DD, LD and UL)
– LD and UL used for the first time in TD measurements 

è ~13% of signal yields

7

~300k signals
~23k signals
~42k signals

Flavour tagging calibrated with ,$ → ./$
and ,% → ./∗%

Run2 Channel #!"" [%]

'# → )/+ → ,$,% -&# 3.98

'# → )/+ → .$.% -&# 5.96

'# → +(21) → ,$,% -&# 3.89

5

Measurement of  with  decayssin 2β B0 → ψK0
S

•Run2 analysis then combined with Run1 result 
‣ 6+3 fb-1 

•Four  reconstructions categories  
LL, DD, LD,UL 

•Three  modes considered 
 ~ 306k,  
 ~ 24k,  

 ~ 43k,  

•Flavour Tagging calibrated 
with  and 

K0
s → π+π−

ψ
B0 → J/ψ( → μ+μ−)K0

S εeff = 4 %
B0 → J/ψ( → e+e−)K0

S εeff = 6 %
B0 → ψ(2S)( → μ+μ−)K0

S εeff = 4 %

B+ → ψK+ B0 → ψK*0

[PRL132(2024)021801] 
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data sample made of J=ψπþπ− candidates compatible with
originating from the PV. The effect of the decay-time
dependent signal-reconstruction efficiency is accounted for
by multiplying the total PDF by a cubic spline model,
whose shape is allowed to float in the fit. The parameters
Δmd and Γd are allowed to vary in the fit with Gaussian
constraints to their known values [10]. Similarly, the FT
calibration parameters and the production asymmetry are
constrained to the B0 → J=ψK'0 fit results using the full
covariance matrix. The effect of kaon regeneration and CP
violation in the neutral kaon system on the CP-violation

parameters of the B0 system are estimated [33,34] and
applied as a correction for each mode. The correction
assigned to the combined fit is þ0.0016 for S and −0.0035
for C. Figure 2 shows the decay-time distribution of the
signal candidates with the fit result overlaid. Figure 3 shows
the corresponding CP asymmetry as a function of decay
time, where the data points correspond to the maximum-
likelihood estimator of the time-integrated CP asymmetry
in each decay-time bin, defined as ACP

int ¼ −ð
PN

j κjdjDjÞ=
ð
PN

j κjD2
jÞ, whereby Dj ¼ ð1 − ωþ

j − ω−
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dilution, dj is the tagging decision, and κj is the signal
event weight obtained with the sPlot method.
Several sources of systematic uncertainties on the

CP-violating observables are investigated, including those

FIG. 1. Invariant-mass distribution of the selected candidates
with an identified flavor at production of the three signal
channels.

FIG. 2. Decay-time distribution of the signal with an identified
flavor at production, where the background is statistically
subtracted by means of the sPlot method. The projections of
the time-dependent fit for the individual contributions of the three
decay modes and for the total are superimposed.

FIG. 3. Time-dependent CP asymmetry from the maximum-
likelihood estimator of the binned asymmetry with the fit result
overlaid.
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SψK0
S
¼ 0.717" 0.013ðstatÞ " 0.008ðsystÞ;

CψK0
S
¼ 0.008" 0.012ðstatÞ " 0.003ðsystÞ;

with a correlation coefficient of 0.441. Finally, a combi-
nation of the LHCb Run 1 and Run 2 results is performed. It
is assumed that sources of systematic uncertainties from
external parameters Δmd, ΔΓd, and α are fully correlated
between these measurements. The combination of mea-
surements yields

SRun 1&2
ψK0

S
¼ 0.724" 0.014ðstatþ systÞ;

CRun 1&2
ψK0

S
¼ 0.004" 0.012ðstatþ systÞ;

with a correlation coefficient of 0.40, and for final states
that contain a J=ψ meson the combination is

SRun 1&2
J=ψK0

S
¼ 0.726" 0.014ðstatþ systÞ;

CRun 1&2
J=ψK0

S
¼ 0.010" 0.012ðstatþ systÞ;

with a correlation coefficient of 0.41.
In summary, a measurement of time-dependentCP viola-

tion in B0 → J=ψð→ μþμ−ÞK0
S, B

0 → ψð2SÞð→ μþμ−ÞK0
S,

and B0 → J=ψð→ eþe−ÞK0
S decays using the full LHCb

Run 2 data corresponding to an integrated luminosity of
6 fb−1 from pp collisions at a center-of-mass energy of
13 TeV is reported. These measurements are in agreement
with recent predictions by the CKMfitter group [35] and the
UTfit group [36] and the current world averages as reported
by HFLAV [1]. The result of the simultaneous fit to all
channels is more precise than the current HFLAV world
average.
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In agreement with predictions  
by CKMfitter and UTfit groups

[PRD91.073007(2015)]  
[JHEP10(2006)081]

[PRD107. 052008(2023)]

Results from all  modes are consistentψ

associated with the choice of fit model and the uncertainty
of the external inputs. The corresponding effects are studied
using pseudoexperiments in which ensembles of pseudo-
data are generated using parameters that differ from those
used in the baseline fit. The generated datasets are then
fitted with the nominal model to test whether biases in the
parameters of interest occur. Each contribution is evaluated
separately in each signal mode. Sources of leading sys-
tematic uncertainty are listed in Table II. A small bias in the
result of the baseline fit is observed and assumed to be fully
correlated among different signal modes. The resulting
systematic uncertainty on the combined result is obtained
from the arithmetic mean of individual decay channels.
Other sources of systematic uncertainty are assumed to be
uncorrelated. The total systematic uncertainty for the
combined fit is a weighted average of the individual
uncertainties, taking into account the sensitivity of each
mode to the CP-violating parameters. The systematic
uncertainty due to the uncertainty of ΔΓd is obtained by
analyzing pseudoexperiments generated with input values
shifted by þ1σ and −1σ from its assumed central value of
zero, where σ is the sum of the current world average
uncertainty and absolute central value. The larger deviation
is chosen as the systematic uncertainty. Small differences in
the FT calibration parameters and in the tagging efficiency
asymmetry between the control channels and the signal
modes are observed in simulation (FT calibration port-
ability). The contribution due to the portability of the FT
calibration is evaluated by analyzing pseudoexperiments
accounting for the different calibration values at generation
level. The systematic uncertainty due to the observed Δϵtag
differences in simulation is evaluated from the fit to data
with modified input values. Uncertainties on the parameters
of the decay-time bias correction function are evaluated
with pseudoexperiments, where the parameters are varied
within their uncertainties. The uncertainty of Δmd is
included in the statistical uncertainty and its isolated
contribution to the combined fit is σΔmd

ðSÞ ¼ 0.0004
and σΔmd

ðCÞ ¼ 0.0023. The systematic uncertainty due
to the choice of the sPlot method as background subtraction
method is included in the fitter validation uncertainty.
Additional possible sources of systematic uncertainties
are considered and found negligible. These include the

decay-time dependence of the FT efficiency and of the
mistag; the choice of model for the decay-time efficiency,
and the validation of the decay-time bias correction
method.
Several cross-checks are performed to assess the consis-

tency of the results by splitting the data byK0
S reconstruction

categories, years of data taking, SS and OS tagging, amongst
several others. In addition, the fits are performed in bins of
B-meson momentum, pseudorapidity, and other variables
correlated to FT performance. The results are also stable
against variations of the mass-fit model and the choice of
figure of merit used to determine the optimal BDT require-
ment. Furthermore, the result is unaffected by the specific
description of the decay-time efficiency. The decay-time
resolution and its modeling only play a minor role in this
measurement due to the high decay-time resolution of the
LHCb detector and the comparatively slow B0 oscillation.
The choice of decay-time resolution model therefore does
not affect the result. The influence of the correlation of
invariant mass and decay time was found to be negligible.
Several alternative approaches to determine CP-violating
parameters are also performed and are consistent with
the baseline results. These include the determination of S
and C parameters from the time-integrated asymmetry, a fit
based on different assumptions on the normalizations of
the B0 and B̄0 amplitudes, and a statistical method to deter-
mine CP-violation parameters using a model-independent
approach to account for the decay-time efficiency.
The CP-violation parameters are measured to be

SJ=ψð→μþμ−ÞK0
S
¼ 0.716% 0.015ðstatÞ % 0.007ðsystÞ;

CJ=ψð→μþμ−ÞK0
S
¼ 0.010% 0.014ðstatÞ % 0.003ðsystÞ;

Sψð2SÞð→μþμ−ÞK0
S
¼ 0.649% 0.053ðstatÞ % 0.018ðsystÞ;

Cψð2SÞð→μþμ−ÞK0
S
¼ −0.087% 0.048ðstatÞ % 0.005ðsystÞ;

SJ=ψð→eþe−ÞK0
S
¼ 0.754% 0.037ðstatÞ % 0.008ðsystÞ;

CJ=ψð→eþe−ÞK0
S
¼ 0.042% 0.034ðstatÞ % 0.008ðsystÞ:

The corresponding correlation coefficients between S and
C are 0.446, 0.503, and 0.374 for J=ψð→ μþμ−Þ, ψð2SÞ
(→ μþ μ−), and J=ψð→ eþe−Þ final states, respectively.
A combined fit of the B0 → J=ψðμμÞK0

S and B0 →
J=ψð→ eeÞK0

S modes results in

SJ=ψK0
S
¼ 0.722% 0.014ðstatÞ % 0.007ðsystÞ;

CJ=ψK0
S
¼ 0.015% 0.013ðstatÞ % 0.003ðsystÞ;

with a correlation coefficient of 0.437. A simultaneous fit
of the three decay modes is performed and results in

TABLE II. Summary of systematic uncertainties on S and C.
Each contribution is a weighted average of the uncertainties of the
individual fits, except for the fitter validation.

Source σðSÞ σðCÞ

Fitter validation 0.0004 0.0006
Decay-time bias model 0.0007 0.0013
FT Δϵtag portability 0.0014 0.0017
FT calibration portability 0.0053 0.0001
ΔΓd uncertainty 0.0055 0.0017
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Syst. Uncertainties:
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Measurement of  with  decaysϕs B0
s → J/ψK+K−

•The SM predicts a precise and small value of  
‣  (CKMFitter),  (UTFit) 

• pair selected in the vicinity of the  resonance 
Run2 analysis, then combined with Run1 result  

•An angular analysis is needed to disentangle 
CP-even and CP-odd contributions 

•Flavour tagging calibrated with 
 and  decays 

‣  

•Decay-time resolution calibrated with 
prompt fake signals ( )

ϕs
ϕs = − 0.0368+0.0006

−0.0009 ϕs = − 0.0368 ± 0.010

K+K− ϕ(1020)

B+ → J/ψK+ B0
s → D−

s π+

εeff = 4 %

σt ≈ 42 fs

�s using B0
s ! J/ K+K� [Phys. Rev. Lett. 132 (2024) 051802]

Time-dependent angular analysis of
B0

s ! J/ K+K� in the vicinity of �(1020)
Excellent probe for new physics, especially models
contributing to B0

s –B0
s mixing

�s = �2�s +��s +��NP
s

Agreement with SM and CP symmetry
No significant differences between polarisation
states

Main results
�s = �0.039 ± 0.022 ± 0.006 rad

��s = 0.0845 ± 0.0044 ± 0.0024 ps�1

�s � �d = �0.0056+0.0013
�0.0015 ± 0.0014 ps�1
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Consequently, candidates selected by the two triggers are
studied in separate categories.
The selection of B0

s → J=ψð→ μþμ−ÞKþK− candidates,
with KþK− invariant masses in the range ½990;
1050% MeV=c2, follows the same strategy used in the
previous Run 2 measurement [13]. In order to take into
account different data-taking and calibration conditions for
optimal event selection, a gradient-boosted decision tree
(BDT) classifier applied in the selection is trained separately
for each year between 2016 and 2018, with the result for
2016 applied to the 2015 dataset due to its limited size. The
BDT selection improves the signal-to-background ratio by
about a factor of 50. The peaking backgrounds due to pion
and proton misidentification in B0 and Λ0

b decays are
significantly reduced with stringent PID and mass require-
ments. The remaining peaking background from Λ0

b →
J=ψpK− decays is subtracted statistically through the
injection of simulated events into the data with a negative
sum of weights equal to the expected number of 4700 Λ0

b
candidates.
Selected B0

s → J=ψKþK− candidates in the mass range
½5200; 5550% MeV=c2 are subsequently retained for analy-
sis. The data sample is divided into 48 independent sub-
samples, corresponding to six mðKþK−Þ bins with
boundaries at 990, 1008, 1016, 1020, 1024, 1032, and
1050 MeV=c2, two trigger categories, and four years of data
taking. The invariant mass of selected B0

s candidates,
mðJ=ψKþK−Þ, and the per-candidate mass uncertainty
σm are calculated by constraining the J=ψ mass to the
world average [20] and requiring the B0

s candidate momen-
tum to point back to the corresponding primary vertex.
UsingmðJ=ψKþK−Þ as the discriminating variable, a signal
weight is assigned to each candidate with the sPlot method
[29–31], using an extended maximum-likelihood fit, shown
in Fig. 1. The signal shape is described by a double-sided
Crystal Ball (CB) function [32], whose width is parame-
trized as a function of σm, using a second-order polynomial.
This parametrization accounts for the correlation between

mðJ=ψKþK−Þ and the helicity angle cos θμ, which is due to
the dependence of the mðJ=ψKþK−Þ resolution, character-
ized by σm, on the pT of the muons. Since the muon pT
depends on cos θμ, σm is found to represent a good proxy for
cos θμ. The parameters that describe the tail of the CB
function are fixed to those obtained from simulation. The
background from B0 → J=ψKþK− decays is modeled with
the same CB function as the signal, sharing all shape
parameters except for the mean of the distribution. The
difference between the means of the signal and B0 compo-
nents is fixed to its world average [20]. The background due
to random combinations of tracks is modeled with an
exponential function. The peaking background from B0 →
J=ψKþπ− decays is estimated to be negligible. The B0

s →
J=ψKþK− signal yields are 16181& 135, 103319& 342,
105465& 343, and 123870& 476 for the 2015, 2016, 2017,
and 2018 datasets, respectively.
The measurement of ϕs in B0

s → J=ψKþK− decays
requires the CP-even and CP-odd decay-amplitude com-
ponents to be disentangled, depending upon the relative
orbital angular momentum between the J=ψ candidate and
the kaon pair. A weighted simultaneous fit to the distribu-
tions of decay time and decay angles (cos θK; cos θμ;ϕh) in
the helicity basis, as described in Ref. [13], is performed for
the 48 independent subsamples, to determine the physics
parameters. These parameters are ϕs; jλj; Γs − Γd; ΔΓs; the
B0
s mass difference Δms; and the polarization amplitudes

Ak ¼ jAkje−iδk , where the indices k∈ f0; k;⊥; Sg refer to
the different polarization states of the KþK− system. The
sum jAkj2 þ jA0j2 þ jA⊥j2 equals unity, and δ0 is zero, by
convention. The parameter λ is defined as ηkðq=pÞðĀk=AkÞ,
where p ¼ hB0

s jBLi and q ¼ hB̄0
s jBLi describe the relation

between mass and flavor eigenstates and ηk is the CP
eigenvalue of the polarization state k.
The probability density function (PDF) for the signal in

each subsample accounts for the decay-time resolution, the
decay-time and angular efficiencies, and the flavor tagging.
It considers P- and S-wave components of the kaon pair
from ϕð1020Þ and f0ð980Þ decays, while the D-wave
component is neglected [15,33]. The interference of P
and S waves includes an effective coupling factor CSP,
determined in each mðKþK−Þ bin through integration of
the mass line shape interference term. The line shape of the
ϕð1020Þ resonance [15,33] is modeled as a relativistic
Breit-Wigner distribution, while the f0ð980Þ resonance is
modeled as a Flatté amplitude with parameters from
Ref. [34]. The effect of mass resolution is also accounted
for. The computed values of CSP are 0.8458& 0.0018,
0.8673& 0.0004, 0.8127& 0.0012, 0.8558& 0.0010,
0.9359& 0.0004, and 0.9735& 0.0001 from the lowest
to the highest mðKþK−Þ bin. The value of Γd is fixed to its
world average [35]. All physics parameters are left uncon-
strained in the fit and are shared across the subsamples,
except for the S-wave fraction and the phase difference

5200 5300 5400 5500
]2c [MeV/)!K" K#m(J/

210

310

410

510

610

)2 c
Ca

nd
id

at
es

 / 
(3

.5
 M

eV
/

Data
Total fit
Signal
Background

!K+ K# J/$0B

-1LHCb Run 2, 6 fb

FIG. 1. Distribution of mðJ=ψKþK−Þ for the full data sample
and projection of the maximum likelihood fit.
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δS − δ⊥, which are independent parameters for each
mðKþK−Þ bin.
The experimental decay-time resolution is accounted for

by convolving the signal PDF with a Gaussian resolution
function with the per-candidate decay-time uncertainty as
the width. The per-candidate decay-time uncertainty is
calibrated to represent the effective resolution, which is
determined from a control sample of promptly decaying
J=ψ candidates combined with two kaons selected sim-
ilarly as the signal except for the decay time and flight
distance requirements. The candidates with negative recon-
structed decay times, arising from purely detector reso-
lution effects, are used for the calibration. The possible
contamination from nonprompt decays is estimated to be
around 1%–2% and has a negligible effect on the calibra-
tion model. The average resolution for the signal candidates
is determined to be around 42 fs.
The prompt sample used in the decay-time resolution

calibration has a nonzero mean decay time due to residual
detector misalignment. This bias, which depends on the
kinematics, is corrected for in the analysis. In the mis-
aligned simulated samples, a small bias remains after the
correction and is assigned as a systematic uncertainty.
The reconstruction and selection produce a nonuniform

efficiency as a function of the decay time and angles of the
B0
s decays. The angular and decay-time efficiencies are

assumed to factorize and are evaluated separately for
different years of data taking and for the two trigger
categories. The three-dimensional angular efficiency cor-
rection is introduced through normalization weights in the
PDF describing the signal decays in the time-dependent
angular fit. The efficiency is determined from simulated
signal events subjected to the same selection criteria as
data. The simulated sample is corrected by an iterative
procedure using data [13].
The decay-time efficiency is determined using a

data-driven method with a reference channel B0 →
J=ψK$0ð→ Kþπ−Þ that is topologically similar to the
signal channel. The decay-time efficiency is modeled by
a cubic spline function, determined from the decay-time
distribution of selected candidates divided by the expected
distribution for the case of perfect acceptance. The latter is
modeled by an exponential distribution with the B0 lifetime
[20], convolved with a Gaussian resolution function with a
width of 42 fs. Simulated B0 and B0

s events are used to
determine and apply corrections at the level of 3% to
account for kinematic differences between B0 and B0

s
decays. The background-subtracted B0 → J=ψK$0 candi-
dates are selected using the same strategy as in Ref. [13],
with an additional requirement on the helicity angle
cos θK < 0, to avoid a large difference between signal
and control samples, since pions with cos θK > 0 tend to
have extremely low momenta. The decay-time efficiency is
validated by replacing B0

s samples with Bþ and B0 samples

where the decay widths are measured to be consistent with
their corresponding world averages [20].
The flavor of the B0

s meson at production is inferred
using two independent classes of flavor-tagging algorithms,
the opposite-side (OS) tagger [36] and same-side (SS)
tagger [37], which exploit specific accompanying B meson
decays and signal fragmentation information, respectively.
Each method yields a tagging decisionQ, with an estimated
mistag probability κ, for each B0

s meson, where Q ¼ þ1,
−1, or 0, if the meson is classified as B0

s , B̄0
s , or untagged,

respectively. To obtain the correct mistag probability ω,
each algorithm is calibrated using a linear function follow-
ing the same strategy as Ref. [13]. The calibration of the OS
mistag probability uses Bþ → J=ψKþ decays, for which
the value of ω in an interval of κ can be obtained from the
number of correct and wrong decisions. The calibration of
the SS mistag probability uses flavor-specific B0

s → D−
s πþ

decays, for which the value of ω in an interval of κ is
estimated by fitting the decay-time distribution. The decay-
time acceptance is modeled with a cubic spline [38]. The
effective tagging power is given by the product of the
tagging efficiency (ϵtag) and the wrong-tag dilution squared,
ϵtag × ð1 − 2ωÞ2. The combined tagging powers of the OS
and SS taggers are ð4.18& 0.15Þ%, ð4.22& 0.16Þ%, and
ð4.36& 0.16Þ% for 2015–2016, 2017, and 2018, respec-
tively, where the statistical and systematic uncertainties are
combined. A novel inclusive flavor-tagging algorithm [39],
which uses track information from the full event, is applied
as an alternative method to cross-check the OS and SS
combined method and provides compatible results for ϕs
with similar precision.
The results of the simultaneous maximum likelihood fit

to the 48 independent data samples for the nine main
physics parameters of interest are given in Table I. The
statistical uncertainties are computed using the profile-
likelihood method and cross-checked with the bootstrap-
ping technique [40,41]. The background-subtracted data
distributions with fit projections are shown in Fig. 2. The
results are in good agreement with the LHCb Run 1 and
2015–2016 measurements [12–14]. As a cross-check, the

TABLE I. Main physics parameters of interest, where the first
uncertainty is statistical and the second systematic.

Parameter Values

ϕs [rad] −0.039 &0.022 &0.006
jλj 1.001 &0.011 &0.005
Γs − Γd½ps−1( −0.0056 þ0.0013

−0.0015 &0.0014
ΔΓs½ps−1( 0.0845 &0.0044 &0.0024
Δms½ps−1( 17.743 &0.033 &0.009
jA⊥j2 0.2463 &0.0023 &0.0024
jA0j2 0.5179 &0.0017 &0.0032
δ⊥ − δ0 [rad] 2.903 þ0.075

−0.074 &0.048
δk − δ0 [rad] 3.146 &0.061 &0.052
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The Bþ
c component causes biases in Γs and ΔΓs at the level

of about 0.0015 ps−1. These are corrected for in the final fit
taking into account the systematic uncertainty on the bias,
while minor differences in other parameters are taken as
systematic uncertainties. The effect of neglecting a possible
D-waveKþK− component is conservatively estimated with
pseudoexperiments that contain twice the size of the
expected D-wave contribution from Ref. [33].
The effect due to imperfect removal of ghost tracks [49]

reconstructed with noisy hits is evaluated according to
simulation and considered among the systematic uncer-
tainties. Around 1.4% of the selected events have multiple
candidates; the effect of such cases is considered in
systematic uncertainties by choosing one candidate ran-
domly and repeating the fit. Systematic uncertainties are
assigned due to the limited size of the PID calibration
samples. Different models of the S-wave line shape based
on the results in Ref. [34] are used to evaluate the CSP
factors and assign systematic uncertainties.
A systematic uncertainty for the translation of the decay-

time resolution calibration from the control sample to
signal is derived using simulation. A minor systematic
uncertainty due to non-Gaussian effects in the decay-time
resolution is assigned. Systematic uncertainties accounting
for the limited sizes of the calibration sample for the decay-
time resolution and the simulated samples for the angular
efficiencies are estimated by varying the calibration param-
eters and efficiencies according to the statistical covariance
matrices. The effect of ignoring the angular resolutions in
the fit is estimated by performing separate fits to the
generated and reconstructed angular variables from simu-
lation, and the differences are taken as systematic uncer-
tainties. The effect of the specific configuration of the
gradient-boosted tree method applied to correct the kin-
ematics of simulation in the time and angular efficiency is
estimated by applying 100 alternative configurations.
The longitudinal scale of the vertex detector has a

relative uncertainty of 0.022% [50,51], and a systematic
uncertainty is assigned by scaling the track parameters with
this uncertainty. The systematic uncertainty associated with
the track momentum scale calibration is estimated by
varying all track momenta by 0.03% [52]. Possible biases
in the fitting procedure and effects of neglecting correla-
tions between the decay-angle and decay-time efficiencies
are studied using pseudoexperiments. The results are found
to be stable when repeating the analysis on subsets of the
data, split by the two LHCb magnet polarities, trigger
conditions, year of data taking, number of reconstructed
primary vertices, bins of B0

s pT , η, or tagging categories.
In conclusion, the CP-violation and decay-width param-

eters in the decay B0
s → J=ψKþK− are measured using the

full Run 2 dataset collected by the LHCb experiment. The
results are ϕs¼−0.039#0.022#0.006 rad, jλj ¼ 1.001#
0.011# 0.005, Γs − Γd ¼ −0.0056þ0.0013

−0.0015 # 0.0014 ps−1,
and ΔΓs ¼ 0.0845# 0.0044# 0.0024 ps−1, superseding

the previous Run 2 LHCb measurement in the same decay
[13]. No evidence for CP violation is found in the B0

s →
J=ψðμþμ−ÞKþK− decay. The results are consistent with
the previous measurements in B0

s → J=ψðμþμ−ÞKþK−

[12,13] and B0
s → J=ψðeþe−ÞKþK− [14] decays and the

combination with which yields ϕs ¼ −0.044# 0.020 rad
and jλj ¼ 0.990# 0.010. A combination of all LHCb ϕs

measurements in B0
s decays via b → cc̄s transitions

[12,14–16,18,19], B0
s → J=ψðμþμ−ÞKþK− above the

ϕð1020Þ resonance, B0
s → Dþ

s Dþ
s , B0

s → J=ψπþπ−, B0
s →

ψð2SÞKþK−, and B0
s → J=ψKþK−, yields ϕs ¼ −0.031#

0.018 rad. The full fit results and correlations are provided
in Supplemental Material [45]. This is the most precise
measurement of the CP-violating phase ϕs to date and is
consistent with SM predictions [2,42].
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• Full Run 2 analysis of benchmark channel J/ψ(φ➝)K+K−

• No evidence for CP asymmetry
• Most precise φs measurement, still stat. limited

For b➝ccs measure phase φs ≈ −2βs

_
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= −0.0368(9) rad (SM)
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LHCb COMBINATION: ϕs = − 0.031 ± 0.018 rad
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δS − δ⊥, which are independent parameters for each
mðKþK−Þ bin.
The experimental decay-time resolution is accounted for

by convolving the signal PDF with a Gaussian resolution
function with the per-candidate decay-time uncertainty as
the width. The per-candidate decay-time uncertainty is
calibrated to represent the effective resolution, which is
determined from a control sample of promptly decaying
J=ψ candidates combined with two kaons selected sim-
ilarly as the signal except for the decay time and flight
distance requirements. The candidates with negative recon-
structed decay times, arising from purely detector reso-
lution effects, are used for the calibration. The possible
contamination from nonprompt decays is estimated to be
around 1%–2% and has a negligible effect on the calibra-
tion model. The average resolution for the signal candidates
is determined to be around 42 fs.
The prompt sample used in the decay-time resolution

calibration has a nonzero mean decay time due to residual
detector misalignment. This bias, which depends on the
kinematics, is corrected for in the analysis. In the mis-
aligned simulated samples, a small bias remains after the
correction and is assigned as a systematic uncertainty.
The reconstruction and selection produce a nonuniform

efficiency as a function of the decay time and angles of the
B0
s decays. The angular and decay-time efficiencies are

assumed to factorize and are evaluated separately for
different years of data taking and for the two trigger
categories. The three-dimensional angular efficiency cor-
rection is introduced through normalization weights in the
PDF describing the signal decays in the time-dependent
angular fit. The efficiency is determined from simulated
signal events subjected to the same selection criteria as
data. The simulated sample is corrected by an iterative
procedure using data [13].
The decay-time efficiency is determined using a

data-driven method with a reference channel B0 →
J=ψK$0ð→ Kþπ−Þ that is topologically similar to the
signal channel. The decay-time efficiency is modeled by
a cubic spline function, determined from the decay-time
distribution of selected candidates divided by the expected
distribution for the case of perfect acceptance. The latter is
modeled by an exponential distribution with the B0 lifetime
[20], convolved with a Gaussian resolution function with a
width of 42 fs. Simulated B0 and B0

s events are used to
determine and apply corrections at the level of 3% to
account for kinematic differences between B0 and B0

s
decays. The background-subtracted B0 → J=ψK$0 candi-
dates are selected using the same strategy as in Ref. [13],
with an additional requirement on the helicity angle
cos θK < 0, to avoid a large difference between signal
and control samples, since pions with cos θK > 0 tend to
have extremely low momenta. The decay-time efficiency is
validated by replacing B0

s samples with Bþ and B0 samples

where the decay widths are measured to be consistent with
their corresponding world averages [20].
The flavor of the B0

s meson at production is inferred
using two independent classes of flavor-tagging algorithms,
the opposite-side (OS) tagger [36] and same-side (SS)
tagger [37], which exploit specific accompanying B meson
decays and signal fragmentation information, respectively.
Each method yields a tagging decisionQ, with an estimated
mistag probability κ, for each B0

s meson, where Q ¼ þ1,
−1, or 0, if the meson is classified as B0

s , B̄0
s , or untagged,

respectively. To obtain the correct mistag probability ω,
each algorithm is calibrated using a linear function follow-
ing the same strategy as Ref. [13]. The calibration of the OS
mistag probability uses Bþ → J=ψKþ decays, for which
the value of ω in an interval of κ can be obtained from the
number of correct and wrong decisions. The calibration of
the SS mistag probability uses flavor-specific B0

s → D−
s πþ

decays, for which the value of ω in an interval of κ is
estimated by fitting the decay-time distribution. The decay-
time acceptance is modeled with a cubic spline [38]. The
effective tagging power is given by the product of the
tagging efficiency (ϵtag) and the wrong-tag dilution squared,
ϵtag × ð1 − 2ωÞ2. The combined tagging powers of the OS
and SS taggers are ð4.18& 0.15Þ%, ð4.22& 0.16Þ%, and
ð4.36& 0.16Þ% for 2015–2016, 2017, and 2018, respec-
tively, where the statistical and systematic uncertainties are
combined. A novel inclusive flavor-tagging algorithm [39],
which uses track information from the full event, is applied
as an alternative method to cross-check the OS and SS
combined method and provides compatible results for ϕs
with similar precision.
The results of the simultaneous maximum likelihood fit

to the 48 independent data samples for the nine main
physics parameters of interest are given in Table I. The
statistical uncertainties are computed using the profile-
likelihood method and cross-checked with the bootstrap-
ping technique [40,41]. The background-subtracted data
distributions with fit projections are shown in Fig. 2. The
results are in good agreement with the LHCb Run 1 and
2015–2016 measurements [12–14]. As a cross-check, the

TABLE I. Main physics parameters of interest, where the first
uncertainty is statistical and the second systematic.

Parameter Values

ϕs [rad] −0.039 &0.022 &0.006
jλj 1.001 &0.011 &0.005
Γs − Γd½ps−1( −0.0056 þ0.0013

−0.0015 &0.0014
ΔΓs½ps−1( 0.0845 &0.0044 &0.0024
Δms½ps−1( 17.743 &0.033 &0.009
jA⊥j2 0.2463 &0.0023 &0.0024
jA0j2 0.5179 &0.0017 &0.0032
δ⊥ − δ0 [rad] 2.903 þ0.075

−0.074 &0.048
δk − δ0 [rad] 3.146 &0.061 &0.052

PHYSICAL REVIEW LETTERS 132, 051802 (2024)

051802-3

          Result                Stat.                   Syst. 

Run1+Run2

POLARISATION-
DEPENDENT RESULTS  

ARE CONSISTENT 
WITH EACH OTHERThe Bþ

c component causes biases in Γs and ΔΓs at the level
of about 0.0015 ps−1. These are corrected for in the final fit
taking into account the systematic uncertainty on the bias,
while minor differences in other parameters are taken as
systematic uncertainties. The effect of neglecting a possible
D-waveKþK− component is conservatively estimated with
pseudoexperiments that contain twice the size of the
expected D-wave contribution from Ref. [33].
The effect due to imperfect removal of ghost tracks [49]

reconstructed with noisy hits is evaluated according to
simulation and considered among the systematic uncer-
tainties. Around 1.4% of the selected events have multiple
candidates; the effect of such cases is considered in
systematic uncertainties by choosing one candidate ran-
domly and repeating the fit. Systematic uncertainties are
assigned due to the limited size of the PID calibration
samples. Different models of the S-wave line shape based
on the results in Ref. [34] are used to evaluate the CSP
factors and assign systematic uncertainties.
A systematic uncertainty for the translation of the decay-

time resolution calibration from the control sample to
signal is derived using simulation. A minor systematic
uncertainty due to non-Gaussian effects in the decay-time
resolution is assigned. Systematic uncertainties accounting
for the limited sizes of the calibration sample for the decay-
time resolution and the simulated samples for the angular
efficiencies are estimated by varying the calibration param-
eters and efficiencies according to the statistical covariance
matrices. The effect of ignoring the angular resolutions in
the fit is estimated by performing separate fits to the
generated and reconstructed angular variables from simu-
lation, and the differences are taken as systematic uncer-
tainties. The effect of the specific configuration of the
gradient-boosted tree method applied to correct the kin-
ematics of simulation in the time and angular efficiency is
estimated by applying 100 alternative configurations.
The longitudinal scale of the vertex detector has a

relative uncertainty of 0.022% [50,51], and a systematic
uncertainty is assigned by scaling the track parameters with
this uncertainty. The systematic uncertainty associated with
the track momentum scale calibration is estimated by
varying all track momenta by 0.03% [52]. Possible biases
in the fitting procedure and effects of neglecting correla-
tions between the decay-angle and decay-time efficiencies
are studied using pseudoexperiments. The results are found
to be stable when repeating the analysis on subsets of the
data, split by the two LHCb magnet polarities, trigger
conditions, year of data taking, number of reconstructed
primary vertices, bins of B0

s pT , η, or tagging categories.
In conclusion, the CP-violation and decay-width param-

eters in the decay B0
s → J=ψKþK− are measured using the

full Run 2 dataset collected by the LHCb experiment. The
results are ϕs¼−0.039#0.022#0.006 rad, jλj ¼ 1.001#
0.011# 0.005, Γs − Γd ¼ −0.0056þ0.0013

−0.0015 # 0.0014 ps−1,
and ΔΓs ¼ 0.0845# 0.0044# 0.0024 ps−1, superseding

the previous Run 2 LHCb measurement in the same decay
[13]. No evidence for CP violation is found in the B0

s →
J=ψðμþμ−ÞKþK− decay. The results are consistent with
the previous measurements in B0

s → J=ψðμþμ−ÞKþK−

[12,13] and B0
s → J=ψðeþe−ÞKþK− [14] decays and the

combination with which yields ϕs ¼ −0.044# 0.020 rad
and jλj ¼ 0.990# 0.010. A combination of all LHCb ϕs

measurements in B0
s decays via b → cc̄s transitions

[12,14–16,18,19], B0
s → J=ψðμþμ−ÞKþK− above the

ϕð1020Þ resonance, B0
s → Dþ

s Dþ
s , B0

s → J=ψπþπ−, B0
s →

ψð2SÞKþK−, and B0
s → J=ψKþK−, yields ϕs ¼ −0.031#

0.018 rad. The full fit results and correlations are provided
in Supplemental Material [45]. This is the most precise
measurement of the CP-violating phase ϕs to date and is
consistent with SM predictions [2,42].
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• Full Run 2 analysis of benchmark channel J/ψ(φ➝)K+K−

• No evidence for CP asymmetry
• Most precise φs measurement, still stat. limited

For b➝ccs measure phase φs ≈ −2βs

_
PRL 132 (2024) 051802 
(arXiv:2308.01468) 

~350k 
signal

= −0.0368(9) rad (SM)

LHCb combination:

LHCb COMBINATION: ϕs = 0.031 ± 0.018 rad

[PRL 132 (2024) 051802]
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Comparison within LHC

cern seminar
[CERN SEMINAR]

16th April 2024

CMS-PAS-BPH-22-001

https://doi.org/10.1103/PhysRevLett.132.051802
https://indico.cern.ch/event/1355812/
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A measurement of ΔΓs
•Not perfect agreement of  

( , ) measurements in 
 channel  

 need of independent checks 

•  (CP-odd) 
 measure  

•  (CP-even) 
 measure 

Γs ΔΓs
J/ψK+K−

⟹
B0

s → J/ψ[π+π−]f0(980)
⟹ τH

B0
s → J/ψ(η′￼ → ρ0γ)

⟹ τL

[JHEP 05(2024)253]
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 measurementΔΓs
CP-even   to measure   
CP-odd  to measure 

Bs → J/ψη′ τL = 1/ΓL
Bs → J/ψπ+π− τH = 1/ΓH

 ps-1ΔΓs = 0.087 ± 0.012 ± 0.009

Ri = Ai . NL

NH
Ai is the relative efficiency in each bin

Excellent agreement with LHCb  

= 0.0845 ± 0.0044 ± 0.0024 ps−1ΔΓs(J/ψϕ)

Important to measure in single measurements to 
resolve the tension within LHC. 

JHEP 05(2024)253

[Phys. Rev. Lett. 132 (2024) 051802]

OZLEM OZCELIK04/06/24 15

 measurementΔΓs
CP-even   to measure   
CP-odd  to measure 

Bs → J/ψη′ τL = 1/ΓL
Bs → J/ψπ+π− τH = 1/ΓH

 ps-1ΔΓs = 0.087 ± 0.012 ± 0.009

Ri = Ai . NL

NH
Ai is the relative efficiency in each bin

Excellent agreement with LHCb  

= 0.0845 ± 0.0044 ± 0.0024 ps−1ΔΓs(J/ψϕ)

Important to measure in single measurements to 
resolve the tension within LHC. 

JHEP 05(2024)253

[Phys. Rev. Lett. 132 (2024) 051802]

GOOD AGREEMENT WITHIN LHCb

Run1+Run2

Measurement of ,-$
[arXiv:2310.12649]

• Measure the relative yields of 
"?@ → $/&'A → (@) (CP-even) and 
"?@ → $/&*@(980)(→ 0B0C) (CP-odd) in bins of 
decay time
– Extended unbinned simultaneous maximum-likelihood 

fit to 8 decay-time bins
– Yield ratio in each bin is corrected for decay-time 

efficiency effects

35
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[Phys. Rev. Lett. 132 (2024) 051802]

TD-ratio of decay rates 
- Yields from mass fit 
- Correct for detector effect

ΔΓs(J/ψϕ) = 0.0845 ± 0.0044 ± 0.0024 ps−1

[https://hflav-eos.web.cern.ch/hflav-eos/osc/PDG_2023/]

https://link.springer.com/article/10.1007/JHEP05(2024)253
https://hflav-eos.web.cern.ch/hflav-eos/osc/PDG_2023/%5D
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Figure 11: Distributions of the (left) D±
s K

⌥ and (right) 3h invariant masses for B0
s ! D⌥

s K
±

final states, presented using a logarithmic scale on the vertical axis. In each plot, the contributions
from all D�

s final states and years of data taking are combined. The solid blue curve is the total
result of the simultaneous fit. The dotted curve shows the B0

s ! D⌥
s K

± signal and the fully
coloured stacked histograms show the di↵erent background contributions.
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Figure 12: Decay-time distribution of B0

s ! D⌥
s K

± candidates obtained using the sPlot technique,
with a logarithmic scale on the y axis. The decay-time fit is overlaid.
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11

Measurement of  with  decaysγ B0
s → D∓

s K±

•Common final states for both  and  
4 decay rates, 5 CP-asymmetry observables 
 is determinable including  as an external input 

•  reconstructed with 5 decay modes 
‣ , , ,  

•  used to calibrate the FT ( ) 
‣ Also used for  measurement

B0
s B0

s

γ ϕs

D∓
s

π∓π+π− K∓π+π− ϕπ∓ K*0(892)K∓

B0
s → D−

s π+ εeff = 6 %
Δms

the decay amplitude. This is justified as only a single amplitude contributes to each
initial- to final-state transition. The CP observables are related to the magnitude of
the amplitude ratio rDsK

⌘ |�f | = |A(B0
s

! D�
s
K+)/A(B0

s
! D�

s
K+)|, the strong-phase

di↵erence � between the amplitudes A(B0
s

! D�
s
K+) and A(B0

s
! D�

s
K+), and the

weak-phase di↵erence � � 2�s by the following equations

Cf =
1 � r2

DsK

1 + r2
DsK

,

A��
f

=
�2rDsK

cos(� � (� � 2�s))

1 + r2
DsK

, A��
f̄

=
�2rDsK

cos(� + (� � 2�s))

1 + r2
DsK

,

Sf =
2rDsK

sin(� � (� � 2�s))

1 + r2
DsK

, Sf̄ =
�2rDsK

sin(� + (� � 2�s))

1 + r2
DsK

.

(5)

2 Detector and software

The LHCb detector [23, 24] 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 4 Tm, 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
particles with a relative uncertainty that varies from 0.5% at low momentum to 1.0% at
200GeV/c. The minimum distance of a track to a primary pp collision vertex (PV), the
impact parameter (IP), is measured with a resolution of (15 + 29/pT)µm, where pT is
the component of the momentum transverse to the beam, in GeV/c. Di↵erent types of
charged hadrons are distinguished using information from two ring-imaging Cherenkov
detectors. Photons, electrons and hadrons are identified by a calorimeter system con-
sisting of scintillating-pad and preshower detectors, an electromagnetic and a hadronic
calorimeter. Muons are identified by a system composed of alternating layers of iron and
multiwire proportional chambers. The online event selection is performed by a trigger,
which consists of a hardware stage, based on information from the calorimeter and muon
systems, followed by a software stage, which applies a full event reconstruction.

At the hardware trigger stage, events are required to have a muon with high pT
or a hadron, photon or electron with high transverse energy in the calorimeters. The
software trigger requires a two-, three- or four-track secondary vertex with a significant
displacement from any primary pp interaction vertex. At least one charged particle must
have a transverse momentum pT > 1.6 GeV/c and be inconsistent with originating from a
PV. A multivariate algorithm [25,26] is used for the identification of secondary vertices
consistent with the decay of a b hadron.

Simulation is required to model the e↵ects of the detector acceptance and the imposed
selection requirements. In the simulation, pp collisions are generated using Pythia [27]
with a specific LHCb configuration [28]. Decays of unstable particles are described
by EvtGen [29], in which final-state radiation is generated using Photos [30]. The
interaction of the generated particles with the detector, and its response, are implemented
using the Geant4 toolkit [31] as described in Ref. [32].
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the decay amplitude. This is justified as only a single amplitude contributes to each
initial- to final-state transition. The CP observables are related to the magnitude of
the amplitude ratio rDsK
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2 Detector and software

The LHCb detector [23, 24] 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 4 Tm, 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
particles with a relative uncertainty that varies from 0.5% at low momentum to 1.0% at
200GeV/c. The minimum distance of a track to a primary pp collision vertex (PV), the
impact parameter (IP), is measured with a resolution of (15 + 29/pT)µm, where pT is
the component of the momentum transverse to the beam, in GeV/c. Di↵erent types of
charged hadrons are distinguished using information from two ring-imaging Cherenkov
detectors. Photons, electrons and hadrons are identified by a calorimeter system con-
sisting of scintillating-pad and preshower detectors, an electromagnetic and a hadronic
calorimeter. Muons are identified by a system composed of alternating layers of iron and
multiwire proportional chambers. The online event selection is performed by a trigger,
which consists of a hardware stage, based on information from the calorimeter and muon
systems, followed by a software stage, which applies a full event reconstruction.

At the hardware trigger stage, events are required to have a muon with high pT
or a hadron, photon or electron with high transverse energy in the calorimeters. The
software trigger requires a two-, three- or four-track secondary vertex with a significant
displacement from any primary pp interaction vertex. At least one charged particle must
have a transverse momentum pT > 1.6 GeV/c and be inconsistent with originating from a
PV. A multivariate algorithm [25,26] is used for the identification of secondary vertices
consistent with the decay of a b hadron.

Simulation is required to model the e↵ects of the detector acceptance and the imposed
selection requirements. In the simulation, pp collisions are generated using Pythia [27]
with a specific LHCb configuration [28]. Decays of unstable particles are described
by EvtGen [29], in which final-state radiation is generated using Photos [30]. The
interaction of the generated particles with the detector, and its response, are implemented
using the Geant4 toolkit [31] as described in Ref. [32].
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1.1 Decay-rate equations and CP violation parameters
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with |p|2 + |q|2 = 1. Equations similar to 1 and 2 can be written for the decays to the
CP -conjugate final state f̄ replacing Cf by Cf̄ , Sf by Sf̄ , and A��
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The equality Cf = �Cf̄ results from |q/p| = 1 and |�f | = |1/�f̄ |, i.e. assuming no
CP violation in either the mixing, in agreement with current measurements [22], or in
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CKM-phase  with  decaysγ B0
s → D∓

s K±

•The latest  combination by LHCb was released in October 2022 
Frequentist approach 
Inputs from beauty and charm sectors 
‣ 173 observables and 52 parameters 
The inclusion of the results released since then 
solves the previous tension between  and  
‣A new combination is on the way
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g combination and prospects
• Latest LHCb combination 

includes many measurements
– Frequentist approach with 173 observables

and 52 parameters
– Results shown before not yet included
– Their inclusion will solve the previous tension 

between H$ and H@
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LHCb-CONF-2022-003

LHCb and Belle II will compete
on a similar level in the next years

Precise determination from BESIII
of charm hadronic parameters
will be fundamental to reach

the ultimate precisionarXiv:1808.08865
arXiv:2103.05988, PRD101(2020) 112002

Final results from  Run2 (6 fb-1)B0
s → D∓

s K±

procedure described in Ref. [48],
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where ~↵ = (�, �s, rDsK
, �) is the vector of the physics parameters, ~A(~↵) is the vec-

tor of parameters expressed through Eq. 5, ~Aobs is the vector of the measured CP -
violating parameters and V is the experimental (statistical and systematic) uncertainty
covariance matrix. Confidence intervals are computed by evaluating the test statistic
��2

⌘ �2(~↵0
min) � �2(~↵min), where �2(~↵) = �2 ln L(~↵), following Ref. [49]. Here, ~↵min

denotes the global maximum of Eq. 7, and ~↵0
min is the conditional maximum when

the parameter of interest is fixed to the tested value. The computation assumes that
Cf

2 + Sf

2 + (A��
f

)2 = 1.
The value of �s is constrained to the value obtained from Ref. [19], �s = �0.031 ±

0.018 rad, assuming �s = �2�s, i.e. neglecting contributions from penguin-loop diagrams
or from processes beyond the SM. The results are

� = (74 ± 11)� ,

� = (346.9 ± 6.6)� ,

rDsK
= 0.327 ± 0.038 ,

where the values for the angles are expressed modulo 180�. Figure 5 shows the 1 � CL
curve for � and the two-dimensional contours of the profile likelihood L(~↵0

min).

8 Conclusion

The CP -violating parameters that describe the B0
s

! D⌥
s
K± decay rates have been

measured using a data set corresponding to an integrated luminosity of 6 fb�1 of pp
collisions recorded with the LHCb detector. Their values are found to be

Cf = 0.791 ± 0.061 ± 0.022 ,

A��
f

= �0.051 ± 0.134 ± 0.037 ,

A��
f̄

= �0.303 ± 0.125 ± 0.036 ,

Sf = �0.571 ± 0.084 ± 0.023 ,

Sf̄ = �0.503 ± 0.084 ± 0.025

where the first uncertainties are statistical and the second are systematic. The results
are used to determine the CKM angle �, the strong-phase di↵erence � and the amplitude
ratio r

D
⌥
s K± between the B0

s
! D+

s
K� and the B0

s
! D�

s
K+ decay amplitudes leading

to � = (74 ± 11)�, � = (346.9 ± 6.6)� and rDsK
= 0.327 ± 0.038 (all angles are given

modulo 180�).
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Figure 4: (Top) Decay-time distribution of B0

s ! D⌥
s K

± candidates obtained by the sPlot
technique. (Bottom) CP -asymmetry for the (blue) D�

s K
+ and the (red) D+

s K
� final states,

folded into one mixing period, 2⇡/�ms. In both plots, the solid curve shows the result of the
decay-time fit.

The decay-time fit is repeated in pseudoexperiments with two alternative decay-time
resolution models and the average di↵erence between the baseline and modified fit is taken
as the systematic uncertainty.

The impact of neglecting the correlations among the observables is accounted for by
means of a dedicated set of pseudoexperiments in which the correlations are included
at generation and neglected in the fit [47]. The correlations between �s, ��s, and the
decay-time acceptance parameters from the fit to B0

s
! D�

s
⇡+ data are accounted for

by fitting pseudoexperiments, where the values of the spline coe�cients, �s and ��s

are randomly generated according to multidimensional correlated Gaussian distributions
centred on their baseline values.

The result is cross-checked by splitting the sample into subsets according to the two
LHCb dipole magnet polarity orientations, the year of data taking and the B0

s
momentum.

9

procedure described in Ref. [48],

L(~↵) = exp

✓
�

1

2

⇣
~A(~↵) � ~Aobs

⌘T

V �1
⇣

~A(~↵) � ~Aobs

⌘◆
, (7)

where ~↵ = (�, �s, rDsK
, �) is the vector of the physics parameters, ~A(~↵) is the vec-

tor of parameters expressed through Eq. 5, ~Aobs is the vector of the measured CP -
violating parameters and V is the experimental (statistical and systematic) uncertainty
covariance matrix. Confidence intervals are computed by evaluating the test statistic
��2

⌘ �2(~↵0
min) � �2(~↵min), where �2(~↵) = �2 ln L(~↵), following Ref. [49]. Here, ~↵min

denotes the global maximum of Eq. 7, and ~↵0
min is the conditional maximum when

the parameter of interest is fixed to the tested value. The computation assumes that
Cf

2 + Sf

2 + (A��
f

)2 = 1.
The value of �s is constrained to the value obtained from Ref. [19], �s = �0.031 ±

0.018 rad, assuming �s = �2�s, i.e. neglecting contributions from penguin-loop diagrams
or from processes beyond the SM. The results are

� = (74 ± 11)� ,

� = (346.9 ± 6.6)� ,

rDsK
= 0.327 ± 0.038 ,

where the values for the angles are expressed modulo 180�. Figure 5 shows the 1 � CL
curve for � and the two-dimensional contours of the profile likelihood L(~↵0

min).

8 Conclusion

The CP -violating parameters that describe the B0
s

! D⌥
s
K± decay rates have been

measured using a data set corresponding to an integrated luminosity of 6 fb�1 of pp
collisions recorded with the LHCb detector. Their values are found to be

Cf = 0.791 ± 0.061 ± 0.022 ,

A��
f

= �0.051 ± 0.134 ± 0.037 ,

A��
f̄

= �0.303 ± 0.125 ± 0.036 ,

Sf = �0.571 ± 0.084 ± 0.023 ,

Sf̄ = �0.503 ± 0.084 ± 0.025

where the first uncertainties are statistical and the second are systematic. The results
are used to determine the CKM angle �, the strong-phase di↵erence � and the amplitude
ratio r

D
⌥
s K± between the B0

s
! D+

s
K� and the B0

s
! D�

s
K+ decay amplitudes leading

to � = (74 ± 11)�, � = (346.9 ± 6.6)� and rDsK
= 0.327 ± 0.038 (all angles are given

modulo 180�).

11
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WITH LHCb’s AVERAGE ≈WA

with  from  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Seeking charm CPV
•Unique laboratory to study CPV in the up-type quarks 

•Theory predictions complicated by QCD effects  
that are difficult to compute 

•CPV in charm is highly suppressed in the SM 
Beauty loop suppressed by the smallness of the CKM elements 
Strange-down loops suppressed by GIM mechanism 

•An eventual observation of CPV enhancement  
would be a signature of New Physics 

‣ For a review see arXiv:2208.05769v2 and references therein 

•Huge charm data sample from LHCb led to  
the unique observation of CPV in  decays in 2019 

  

•New measurements in more channels are needed

D0

ΔACP = ACP(D0 → K+K−) − ACP(D0 → π+π−) = (−15.4 ± 2.9) × 10−4 (5.3σ)
[PRL122.211803]

[PR
L131.091802]

Unique evidence of CPV in single decay ( )D0 → π+π−
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No evidence to date of CPV in charm 
mixing and interference between 
mixing and decay

https://hflav.w
eb.cern.ch/

https://arxiv.org/pdf/2208.05769.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.211803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.091802
https://hflav-eos.web.cern.ch/hflav-eos/charm/CKM23/results_mix_cpv.html
https://hflav.web.cern.ch/
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Mixing and CPV in  decaysD0 → K+π−

•  decays allow the simultaneous 
measurement of mixing and all types of CPV 

Common final states for both  and  
One mode is favoured (RS),  
while the other is suppressed (WS) 
Two time-dependent WS/RS ratios

D0 → K∓π±

D0 D0

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

Dataset

● This measurement is dominated by previous LHCb result
→ Run 1 + 2015/16: 0.7 M WS + 180 M RS

● In 2017-2018 collected additional 1.1 M WS + 280 M RS 
→ total yield more than doubled

● The measurement presented here uses the full Run 2 sample 
→ 2015-2016 re-analysed with improved strategy

● Average with Run 1 results performed to return the LHCb 
Run 1+2 legacy results

12

Run 2
412 M

Run 2
1.6 M

Run 1
3 fb-1

7-8 TeV Run 2
6 fb-1

13 TeV

previous 
iteration

PRD97,031101

LHCb-PAPER-2024-008
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[LHCb-PAPER-2024-008]
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● Neutral D meson flavour tagged exploiting strong decay D*+→D0π+ and D*−→D0π−

● Distinguish two processes: wrong sign (WS) and right sign (RS)

● Accounting for CPV we measure time dependence of WS/RS yield ratio R±  (t)

                                                              and

● Since x12, y12 ≪ 1 the ratio can be expanded as:

WS RS

D0➝ Kπ  WS/RS

10

s s

s s

slow pions

normalization ch.
dominated by CF

similar amplitudes

Kπ
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● RKπ is the DCS/CF ratio ~3.4 x 10-3

● Mixing observables:

○ .

○   .

● CPV observables:

○ AKπ is the CP asymmetry in DCS

○  decay

○    .

D0➝ Kπ  WS/RS

11

                         strong phase difference of DCS/CF
 ΔKπ = -10°± 3° measured by LHCb, CLEO, BESIII 
                         LHCb-CONF-2022-003, PRD86.112001,  EPJC82.1009

decay

interference 

mixing

only one amplitude in D0→Kπ 

⇒ AKπ = 0  null test of SM
  

mostly sensitive to y12

mostly sensitive to x12𝜙
M≈ Δy ≈ -ΔY2

small angle, 
large uncertainty

low sensitivity to 
quadratic term

WS RS

• Run2 analysis, then combined with Run1 result 

•  flavour tagged with prompt-  decaysD D*+ → D0π+

magnitude  
amplitude 

ratio
|A(D0 → K+π−) |2

|A(D0 → K−π+) |2

CPV in  
DSC decays

  
expected  
in the SM

AKπ = 0

CPV in  
interference

CPV in  
mixing

 mixingD0

Detailed formalism in the backup
 and  include strong phase  

difference of DCS/CF ( )
cKπ ΔcKπ

ΔKπ
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Mixing and CPV in charm: D0➝K+π−

19

Discovery channel for charm mixing

Fit time-dependent 
ratio R(t):

D0 π−K+

DCS
(Vcd*Vus)

CFMix

D0_
D0 π−K+

CF
“Right sign”

“Wrong sign”

_

[JH
EP2022.1]

NEW!

[CERN Seminar 26-MAR-2024]

https://link.springer.com/article/10.1007/JHEP03(2022)162
https://indico.cern.ch/event/1355805/
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Ratio biases −  Ghost background
● Our normalization channel, D0→K−π+, is also one of the main source of background

→ much more abundant, if misidentified it can leak in our WS signal

● Ghost bkg result from misassociation of correctly-identified  hits in VELO with hits in T-Stations 
from different particles

● Soft pion from RS decays seed the production of both RS and WS ghosts
→ peak in D* mass because even if πs momentum is random, direction is correct

● Percent level contamination but we aim at sub-percent precision

17

T-Stations 

VELO

magnet

ghos
t π

−

true π+
s

s

t / τ

R−

t / τ

R+

•Yields of WS and RS measured in 18 bins of decay time 

•Challenge: precise correction of syst. effects 
Ghosts soft pions 
Detection asymmetries  
‣ Determined from  control mode 

Decay-time bias (  from  decays) 
‣ Novel method improved syst. uncertainty by one order 

of magnitude compared to the previous analysis 

•Final time-dependent  fit for the 6 target observables

D0 → K+K−

D* B

χ2

15

Mixing and CPV in  decaysD0 → K+π−
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Mixing + CPV fit − LHCb Run 1+2 Legacy result

● Simultaneous minimization of Run 2 χ2  and Run 1  χ2  from PRD97,031101 [LHCb internal note]

33

This result 
Run 1 + 2

PRD97,031101
Run 1 + 2015/16

LHCb-PAPER-2024-008

Results are compatible
Total uncertainty improved by 1.6x

LHCb preliminary

CKM and CPV in beauty and charm  Mark Williams             Moriond EW, March 2024

Mixing and CPV in charm: D0➝K+π−

21

Full Run 2 data sample. Production flavor tagged via D*+ ➝ D0π+ decays.
(NEW!) Experimental challenges: 

• Backgrounds 
• Nuisance asymmetries       ⇒ determined with D0➝K+K− control mode

First evidence 
of quadratic 
behaviour

No evidence 
of CPV

60% improvement in precision compared to 
previous best. Still statistically limited.

LHCb-PAPER-2024-008 
(in preparation)

Signal yields:   1.6M WS   412M RS

LHCb Preliminary (Run1+Run2)

NO EVIDENCE OF CPV

FIRST EVIDENCE ( )  
OF QUADRATIC TERM

3.5σ

40% improvement in total uncertainties 
compared to the previous best [PRD97.031101(2018)]

STILL STATISTICALLY DOMINATED 
(Total syst. improved by factor 2,  
compared to previous analysis)
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Mixing + CPV fit − Systematic uncertainties

32

● Main systematic sources are D*+ mass fit 
model and ghost bkg pdf

● Instrumental asymmetry and ad   external 
input are relevant only for CPV observables 
→ statistically dominated

● Dominant systematic in previous iteration 
(decay-time bias)  reduced by one order of 
magnitude

● Total systematic uncertainty improved by a 
factor of 2 

LHCb-PAPER-2024-008

KK 

PRD97,031101
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Mixing + CPV fit − Systematic uncertainties

32

● Main systematic sources are D*+ mass fit 
model and ghost bkg pdf

● Instrumental asymmetry and ad   external 
input are relevant only for CPV observables 
→ statistically dominated

● Dominant systematic in previous iteration 
(decay-time bias)  reduced by one order of 
magnitude

● Total systematic uncertainty improved by a 
factor of 2 

LHCb-PAPER-2024-008

KK 

PRD97,031101

Main syst. uncertainties (Preliminary)

[LHCb-PAPER-2024-008]
NEW!

[CERN Seminar 26-MAR-2024]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.031101
https://indico.cern.ch/event/1355805/
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Figure 1: Distributions of �m = m(D⇤+) � m(D0) in the signal channel after all selection
requirements for the (left) merged and (right) resolved ⇡0 categories. The fit model used to
evaluate the signal yields is also shown.

a set of looser criteria and their combined vertex must satisfy additional vertex-quality80

requirements. At the second software stage, a full or partial reconstruction of the D⇤+
81

decay is performed. In the full reconstruction, pairs of oppositely-charged pion candidates82

that form a good-quality vertex are combined. A neutral pion candidate is added to form83

a D0 candidate. Finally, the D0 candidate is combined with a low-momentum charged84

pion candidate to reconstruct a D⇤+ candidate. In the partial reconstruction, the ⇡0
85

candidate is not considered in the trigger. Additional selection criteria are imposed based86

on momenta, track and vertex quality, and displacement from the PV. For the Run 187

sample, only partially reconstructed candidates are considered with a cut-based selection.88

For the Run 2 sample, fully reconstructed candidates must pass a cut-based selection,89

while partially reconstructed candidates must pass a requirement on the output of a90

bonsai-Boosted Decision Tree (BDT) classifier [31].91

O✏ine, additional requirements are imposed on kinematic and particle identification92

quantities. The kinematics of each decay chain are fitted [32] with the constraints that93

the D⇤+ meson must originate from a PV and the ⇡0 candidate has its known mass [14].94

Secondary decays — where the D⇤+ meson is produced in the decay of a b hadron rather95

than in the initial pp collision — are suppressed by imposing tight requirements on96

the flight distance of the D⇤+ meson and the �2
IP of the D0 meson. The mass of the97

pair of charged pions from the D0 decay is required to lie further than 10MeV from98

the known K0
S mass [14] to suppress the background from D0

! K0
S⇡

0 decays. The99

background from D0
! K�⇡+⇡0 decays, where the K� meson is mis-identified as a100

pion, is suppressed by requiring D0 candidates to have a reconstructed mass, m(D0),101

close to the known value, mPDG(D0) [14]. Candidates in the resolved category must102

satisfy |m(D0)�mPDG(D0)| < 60MeV and candidates in the merged sample must satisfy103

�60 < m(D0) � mPDG(D0) < 120MeV. Other potential sources of mis-identified and104

mis-reconstructed backgrounds are found to be negligible. The same requirements are105

applied to candidates in the control channel, with the exception of particle identification106

requirements and the K0
S meson veto. The combinatorial background is further suppressed107

by a set of BDT classifiers trained on the data samples. Separate BDT classifiers are108

trained for the merged and resolved ⇡0 categories and for the Run 1 and Run 2 samples.109

Over-training e↵ects are controlled by training the classifiers on only around 25% (6%) of110
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evaluate the signal yields is also shown.
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candidate is not considered in the trigger. Additional selection criteria are imposed based86

on momenta, track and vertex quality, and displacement from the PV. For the Run 187

sample, only partially reconstructed candidates are considered with a cut-based selection.88

For the Run 2 sample, fully reconstructed candidates must pass a cut-based selection,89

while partially reconstructed candidates must pass a requirement on the output of a90

bonsai-Boosted Decision Tree (BDT) classifier [31].91

O✏ine, additional requirements are imposed on kinematic and particle identification92

quantities. The kinematics of each decay chain are fitted [32] with the constraints that93

the D⇤+ meson must originate from a PV and the ⇡0 candidate has its known mass [14].94

Secondary decays — where the D⇤+ meson is produced in the decay of a b hadron rather95

than in the initial pp collision — are suppressed by imposing tight requirements on96

the flight distance of the D⇤+ meson and the �2
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satisfy |m(D0)�mPDG(D0)| < 60MeV and candidates in the merged sample must satisfy103

�60 < m(D0) � mPDG(D0) < 120MeV. Other potential sources of mis-identified and104

mis-reconstructed backgrounds are found to be negligible. The same requirements are105

applied to candidates in the control channel, with the exception of particle identification106

requirements and the K0
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Figure 3: Measured asymmetry of (left) D0
! ⇡+⇡�⇡0 and (right) D0

! K�⇡+⇡0 decays as a
function of decay time, after kinematic weighting. The �2/ndf of the linear fits shown alongside
the data are 17/19 and 22/19, respectively.

of the data, a final result of212

�Y e↵
⇡⇡⇡ = (�1.2± 6.0± 2.3)⇥ 10�4

is obtained. The first uncertainty is statistical and the second is systematic, here and in213

the following. No evidence for time-dependent CP violation in this channel is found. This214

corresponds, using the externally measured CP -even fraction [26], to a measured �Y of215

�Y = (�1.3± 6.3± 2.4)⇥ 10�4.

This result is in excellent agreement with the current world average [12]. In the control216

channel, a measurement of217

�YK⇡⇡ = (�1.7± 1.8± 3.5)⇥ 10�4,

is obtained, which validates the kinematic weighting procedure designed to account218

for nuisance asymmetries. Figure 3 shows the measured asymmetry for all selected219

D0
! ⇡+⇡�⇡0 and D0

! K�⇡+⇡0 candidates as a function of decay time, along with a220

linear fit.221

In summary, a measurement of time-dependent CP violation in the decayD0
! ⇡+⇡�⇡0

222

has been presented. No evidence for CP violation is found. The precision of this223

measurement is limited by the statistical uncertainty and the result is in excellent agreement224

with the current world average of the parameter �Y . This represents the first measurement225

of time-dependent CP violation in the singly Cabibbo-suppressed decay D0
! ⇡+⇡�⇡0.226
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Search for TD-CPV in  decaysD0 → π+π−π0

•  has almost entirely CP-even final state 
, in this case:  [PLB747(2015)9]  

Optimal sensitivity for PHSP-integrated measurement 

•Run1+Run2 datasets 

•Fit to  in bins 
of  to extract  

 flavour from  decays 
Merged and resolved  cases 
Correct for nuisance asymmetries 

•Linear fit to  to extract  
Validation with  
‣ CF @90 CL

D0 → π+π−π0

ΔYeff
f = (2Ff

+ − 1)ΔY Fπππ
+ = 0.973 ± 0.017

Δm ≡ m(D*+) − m(D0)
t/τD0 ACP(t)
D D*+ → D0π+

π0 → γγ

ACP(t) ΔY
D0 → K+π−π0

⇒ |ΔYKππ < 2.5 × 10−5 |

~2.3M 
signals

~1.5M 
signals

Charge-parity (CP ) symmetry violation in the Standard Model (SM) of particle physics1

is insu�cient to explain the observed baryon asymmetry in the visible universe [1–3].2

This suggests the existence of CP -violating mechanisms beyond the SM, and thus studies3

of CP violation are a promising sector to probe for new physics. While CP violation is4

experimentally well-established in the mesonic systems containing b or s quarks [4–9],5

direct CP violation in the decay of charmed hadrons has only recently been observed in the6

di↵erence between D0
! K+K� and D0

! ⇡+⇡� decays [10], and is yet to be conclusively7

observed in a single decay mode [11]. This letter presents the first measurement of8

time-dependent CP violation in the singly Cabibbo-suppressed decay D0
! ⇡+⇡�⇡0.19

In the D0 meson system, the flavour eigenstates di↵er from the mass eigenstates.10

A neutral meson initially in a state of definite flavour can thus evolve in time into its11

antiparticle, and vice versa. The mass eigenstates are typically written in terms of the12

flavour eigenstates as |D1(2)i = p|D0
i ⌥ q|D0

i, where p and q are complex numbers.13

The phase convention CP |D0
i = �|D0

i is adopted with CP |D1i = |D1i in the limit of14

CP conservation [12]. The dimensionless mass and width di↵erences between the mass15

eigenstates — typically expressed as x ⌘ (m1 �m2)/� and y ⌘ (�1 � �2)/2� — define16

the mixing behaviour.2 Here, m1(2) and �1(2) are the mass and width of the |D1(2)i mass17

eigenstate, respectively, and � = (�1 + �2)/2. Defining Af (Āf ) as the amplitude of the18

decay D0
! f (D0

! f), direct CP violation occurs if |Af/Āf | 6= 1 for a self-conjugate19

final state, f . Time-dependent CP violation occurs in mixing if |q/p| 6= 1, and in the20

interference of mixing and decay when �f 6= 0, where �f = arg(�qĀf/pAf). Since the21

mixing parameters x and y are both < 1% in the charm system and CP violation e↵ects22

are small [12, 13], for a D0 meson decaying to a CP eigenstate, fCP , the time-dependent23

asymmetry can be expanded to first order in the D0 decay time, t, as24

ACP (fCP , t) ⌘
�D0!fCP (t)� �D0!fCP

(t)

�D0!fCP (t) + �D0!fCP
(t)

⇡ adirfCP
+�YfCP

t

⌧D0
,

(1)

where the constant term adirfCP
arises from direct CP violation, ⌧D0 = 410.3± 1.0 fs [14, 15]25

is the D0 meson lifetime, and �D0!fCP (t) (�D0!fCP
(t)) is the time-dependent decay-rate26

of a D0 (D0) meson to the final state fCP . Neglecting direct CP violation, the size of27

the gradient �YfCP becomes independent of the final state and can be approximately28

expressed in terms of the underlying mixing and CP violation parameters as [16]29

�YfCP ⇡
⌘fCP
2
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q
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�
, (2)

where ⌘fCP is the CP eigenvalue of the final state and � = arg(q/p). Thus, the gradient30

can be defined in terms of the universal parameter �Y ⌘ ⌘fCP�YfCP .31

The parameter �Y has been measured in the two-body decay modes D0
! ⇡+⇡� and32

D0
! K�K+ by the BaBar [17], CDF [18], Belle [19] and LHCb [20–23] collaborations.33

Assuming universality of �Y across all decay modes, the current world average is �Y =34

(0.9 ± 1.1) ⇥ 10�4 [12]. The LHCb collaboration has also measured the parameter35

�y = ��Y [16] in D0
! K0

S⇡
+⇡� decays [24, 25].36

1Charge-conjugate decays are implied here and throughout this letter.
2Natural units with ~ = c = 1 are used throughout.

1

Charge-parity (CP ) symmetry violation in the Standard Model (SM) of particle physics1

is insu�cient to explain the observed baryon asymmetry in the visible universe [1–3].2

This suggests the existence of CP -violating mechanisms beyond the SM, and thus studies3

of CP violation are a promising sector to probe for new physics. While CP violation is4

experimentally well-established in the mesonic systems containing b or s quarks [4–9],5

direct CP violation in the decay of charmed hadrons has only recently been observed in the6

di↵erence between D0
! K+K� and D0

! ⇡+⇡� decays [10], and is yet to be conclusively7

observed in a single decay mode [11]. This letter presents the first measurement of8

time-dependent CP violation in the singly Cabibbo-suppressed decay D0
! ⇡+⇡�⇡0.19

In the D0 meson system, the flavour eigenstates di↵er from the mass eigenstates.10

A neutral meson initially in a state of definite flavour can thus evolve in time into its11

antiparticle, and vice versa. The mass eigenstates are typically written in terms of the12

flavour eigenstates as |D1(2)i = p|D0
i ⌥ q|D0

i, where p and q are complex numbers.13

The phase convention CP |D0
i = �|D0

i is adopted with CP |D1i = |D1i in the limit of14

CP conservation [12]. The dimensionless mass and width di↵erences between the mass15

eigenstates — typically expressed as x ⌘ (m1 �m2)/� and y ⌘ (�1 � �2)/2� — define16

the mixing behaviour.2 Here, m1(2) and �1(2) are the mass and width of the |D1(2)i mass17

eigenstate, respectively, and � = (�1 + �2)/2. Defining Af (Āf ) as the amplitude of the18

decay D0
! f (D0

! f), direct CP violation occurs if |Af/Āf | 6= 1 for a self-conjugate19

final state, f . Time-dependent CP violation occurs in mixing if |q/p| 6= 1, and in the20

interference of mixing and decay when �f 6= 0, where �f = arg(�qĀf/pAf). Since the21

mixing parameters x and y are both < 1% in the charm system and CP violation e↵ects22

are small [12, 13], for a D0 meson decaying to a CP eigenstate, fCP , the time-dependent23

asymmetry can be expanded to first order in the D0 decay time, t, as24
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where the constant term adirfCP
arises from direct CP violation, ⌧D0 = 410.3± 1.0 fs [14, 15]25

is the D0 meson lifetime, and �D0!fCP (t) (�D0!fCP
(t)) is the time-dependent decay-rate26

of a D0 (D0) meson to the final state fCP . Neglecting direct CP violation, the size of27
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where ⌘fCP is the CP eigenvalue of the final state and � = arg(q/p). Thus, the gradient30

can be defined in terms of the universal parameter �Y ⌘ ⌘fCP�YfCP .31

The parameter �Y has been measured in the two-body decay modes D0
! ⇡+⇡� and32

D0
! K�K+ by the BaBar [17], CDF [18], Belle [19] and LHCb [20–23] collaborations.33

Assuming universality of �Y across all decay modes, the current world average is �Y =34

(0.9 ± 1.1) ⇥ 10�4 [12]. The LHCb collaboration has also measured the parameter35

�y = ��Y [16] in D0
! K0

S⇡
+⇡� decays [24, 25].36

1Charge-conjugate decays are implied here and throughout this letter.
2Natural units with ~ = c = 1 are used throughout.
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can be defined in terms of the universal parameter �Y ⌘ ⌘fCP�YfCP .31
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Related to mixing  
and indirect CPV

0 2 4 6 8
0Dτt/

1−

0.5−

0

0.5

1

A
sy

m
m

et
ry

 [%
]

LHCb
1−7.7 fb

0π−π+π→0D
0 2 4 6 8

0Dτt/
1−

0.5−

0

0.5

1

A
sy

m
m

et
ry

 [%
]

LHCb
1−7.7 fb

0π+π−K→0D

Figure 3: Measured asymmetry of (left) D0
! ⇡+⇡�⇡0 and (right) D0

! K�⇡+⇡0 decays as a
function of decay time, after kinematic weighting. The �2/ndf of the linear fits shown alongside
the data are 17/19 and 22/19, respectively.

of the data, a final result of212

�Y e↵
⇡⇡⇡ = (�1.2± 6.0± 2.3)⇥ 10�4

is obtained. The first uncertainty is statistical and the second is systematic, here and in213

the following. No evidence for time-dependent CP violation in this channel is found. This214

corresponds, using the externally measured CP -even fraction [26], to a measured �Y of215

�Y = (�1.3± 6.3± 2.4)⇥ 10�4.

This result is in excellent agreement with the current world average [12]. In the control216

channel, a measurement of217

�YK⇡⇡ = (�1.7± 1.8± 3.5)⇥ 10�4,

is obtained, which validates the kinematic weighting procedure designed to account218

for nuisance asymmetries. Figure 3 shows the measured asymmetry for all selected219

D0
! ⇡+⇡�⇡0 and D0

! K�⇡+⇡0 candidates as a function of decay time, along with a220

linear fit.221

In summary, a measurement of time-dependent CP violation in the decayD0
! ⇡+⇡�⇡0

222

has been presented. No evidence for CP violation is found. The precision of this223

measurement is limited by the statistical uncertainty and the result is in excellent agreement224

with the current world average of the parameter �Y . This represents the first measurement225

of time-dependent CP violation in the singly Cabibbo-suppressed decay D0
! ⇡+⇡�⇡0.226
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[ArXiv:2405.06556]

Universal

No evidence for CPV

- First measurement of TD-CPV 
in  decays with neutral pion 
at hadron collider


- Compatible, but not yet 
competitive with WA 
(    
  [Phys. Rev. D107, 052008] )

D0

−ΔY ≈ AΓ = (0.9 ± 1.1) × 10−4

NEW!

https://doi.org/10.1016/j.physletb.2015.05.043
https://arxiv.org/abs/2405.06556
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.052008
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Conclusions and outlook
•A lot of results are still being produced with LHCb Run1+Run2  

World-leading measurements of  and  
New measurements of 𝐵 → 𝐷h decays continuously improving the constraints on the  angle 

LHCb is still exploiting its enormous charm data sample to chase new evidence of CPV 

•No evidence of discrepancies from SM expectations is observed 
Shrinking the precision on many CPV observables will be fundamental to testing the CKM 
paradigm to its ultimate precision  
LHCb Upgrade I is going to start to collect data with the potential to more than double its 
sample in the next two years

sin(2β) ϕs

γ
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 with  decaysϕs B0
s → J/ψK+K−

67CKM and CPV in beauty and charm  Mark Williams             Moriond EW, March 2024

Extra: Time-dep. CPV in B0 decays: φs s
PRL 132 (2024) 051802 
(arXiv:2308.01468) 

Fit results with CPV parameters 
floating separately for each 
polarization mode:

LHCb constraints and combination from 
different channels and data samples:

LHCb 
combination:

[PRL 132 (2024) 051802]

https://doi.org/10.1103/PhysRevLett.132.051802
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A measurement of ΔΓs

70CKM and CPV in beauty and charm  Mark Williams             Moriond EW, March 2024

Extra: ΔΓs measurement arXiv:2310.12649
(submitted to JHEP)

Time-dependent ratios of yields:

0.05− 0 0.05 0.1 0.15
]-1 [pssΓΔ

2011&12

2015&16

2017

2018

Average

LHCb

Results:

Systematic uncertainties:

[JHEP 05(2024)253]

https://link.springer.com/article/10.1007/JHEP05(2024)253
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Mixing and CPV in  decays: formalismD0 → K+π−

CKM and CPV in beauty and charm  Mark Williams             Moriond EW, March 2024

Extra: Wrong sign D0➝Kπ: formalism

71

Expect ~ O(10−5) in SM – key null test

Mainly constrains Δf ⇒ improved 
knowledge of SU(3)F breaking

Probe mixing-induced CPV

[LHCb-PAPER-2024-008]
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Mixing and CPV in  decaysD0 → K+π−

LHCb
preliminary

LHCb
preliminary

LHCb preliminary
LHCb preliminary

CKM and CPV in beauty and charm  Mark Williams             Moriond EW, March 2024

Extra: Wrong sign D0➝Kπ: selection

72

‘Fiducial selection’ removes 
candidates from detector 
regions with large 
instrumental charge 
asymmetries
(plots for RS candidates)

m(D0π) distribution for 
WS and RS samples 
after all selections.

Fits to this variable 
used to subtract BG 
from R(t)

99% 
purity31% purity within 

signal mass window

1.6M signal

412M signal

LHCb-PAPER-2024-008 
(in preparation)

[LHCb-PAPER-2024-008]
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Mixing and CPV in  decaysD0 → K+π−

preliminary LHCb 
preliminary

LHCb preliminary LHCb preliminary

CKM and CPV in beauty and charm  Mark Williams             Moriond EW, March 2024

Extra: Wrong sign D0➝Kπ: backgrounds

73

‘Ghost’ tracks from random 
hits give problematic BG. 
Suppressed with fidicial and 
track-quality cuts. 
Modelled with data-driven 
approach.

ghost 
tracks

Left: misID backgrounds 
in WS sample 
Right: WS-RS cross-talk

LHCb-PAPER-2024-008 
(in preparation)

preliminary LHCb 
preliminary

LHCb preliminary LHCb preliminary

CKM and CPV in beauty and charm  Mark Williams             Moriond EW, March 2024

Extra: Wrong sign D0➝Kπ: backgrounds

73

‘Ghost’ tracks from random 
hits give problematic BG. 
Suppressed with fidicial and 
track-quality cuts. 
Modelled with data-driven 
approach.

ghost 
tracks

Left: misID backgrounds 
in WS sample 
Right: WS-RS cross-talk

LHCb-PAPER-2024-008 
(in preparation)

preliminary LHCb 
preliminary

LHCb preliminary LHCb preliminary

CKM and CPV in beauty and charm  Mark Williams             Moriond EW, March 2024

Extra: Wrong sign D0➝Kπ: backgrounds

73

‘Ghost’ tracks from random 
hits give problematic BG. 
Suppressed with fidicial and 
track-quality cuts. 
Modelled with data-driven 
approach.

ghost 
tracks

Left: misID backgrounds 
in WS sample 
Right: WS-RS cross-talk

LHCb-PAPER-2024-008 
(in preparation)

[LHCb-PAPER-2024-008][LHCb-PAPER-2024-008]
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Mixing and CPV in  decaysD0 → K+π−

LHCb preliminary

LHCb preliminaryLHCb preliminary

CKM and CPV in beauty and charm  Mark Williams             Moriond EW, March 2024

Extra: Wrong sign D0➝Kπ: example fits

74

Example set of simultaneous 
fits in single decay-time bin
• RS
• WS
• Ghost control-sample

LHCb-PAPER-2024-008 
(in preparation)

LHCb preliminary

LHCb preliminaryLHCb preliminary

CKM and CPV in beauty and charm  Mark Williams             Moriond EW, March 2024

Extra: Wrong sign D0➝Kπ: example fits

74

Example set of simultaneous 
fits in single decay-time bin
• RS
• WS
• Ghost control-sample

LHCb-PAPER-2024-008 
(in preparation)
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Mixing and CPV in  decaysD0 → K+π−

LHCb preliminary

CKM and CPV in beauty and charm  Mark Williams             Moriond EW, March 2024

Extra: Wrong sign D0➝Kπ: corrections

75

Instrumental asymmetries determined 
from D0➝K+K− control mode 

Fits to IP used to statistically 
disentangle prompt and secondary 
charm – mitigates and accounts for 

residual decay time bias.

LHCb
preliminary

LHCb
preliminary

LHCb
preliminary
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LHCb-PAPER-2024-008 
(in preparation)

[LHCb-PAPER-2024-008]
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Mixing and CPV in  decaysD0 → K+π−

LHCb preliminary LHCb preliminary

CKM and CPV in beauty and charm  Mark Williams             Moriond EW, March 2024

Extra: Wrong sign D0➝Kπ: decay-time bias

76

Left: Secondary contamination 
depends on decay time.

Right: Decay time bias from 
secondary background

LHCb-PAPER-2024-008 
(in preparation)

[LHCb-PAPER-2024-008]
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Mixing and CPV in  decays: resultsD0 → K+π−

CKM and CPV in beauty and charm  Mark Williams             Moriond EW, March 2024

Extra: Wrong sign D0➝Kπ: results

77

Breakdown of uncertainties: 
Statistically limited for all 
parameters

Run 2 measurement 
and correlations

LHCb-PAPER-2024-008 
(in preparation)

CKM and CPV in beauty and charm  Mark Williams             Moriond EW, March 2024

Extra: Wrong sign D0➝Kπ: results

77

Breakdown of uncertainties: 
Statistically limited for all 
parameters

Run 2 measurement 
and correlations

LHCb-PAPER-2024-008 
(in preparation)

CKM and CPV in beauty and charm  Mark Williams             Moriond EW, March 2024

Extra: Wrong sign D0➝Kπ: results

77

Breakdown of uncertainties: 
Statistically limited for all 
parameters

Run 2 measurement 
and correlations

LHCb-PAPER-2024-008 
(in preparation)
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 violation in CP B0
s → ϕϕ

•Motivations: 
The SM predicts CPV to be suppressed in this channel

Any CPV enhancement would point to new physics 
in the  mixing or in the penguin-mediated  decay


•Caveat: angular analysis needed to disentangle the 
three polarisation states of the  decays 

‣ (0, CP even), (||, CP even), ( , CP odd)


•Target  observables: ,  
The SM predicts no dependance  
of the  observables on the polarisation

‣  phase:  


‣ Direct  violation parameter: 

B0
s b → s

B → VV
⊥

CP ϕs,i |λi |

CP
CP ϕi = ϕss̄s

s ≈ 0
CP |λi | = |Ai/Ai | = |λ | ≈ 1

Motivation 

• CP violation observables from flavor-tagged time-dependent  angular analysis  
Ø CP violating phase ��,�

��� and direct CP violation parameter �� = | ��
��

| 
Ø SM predictions: ��,� 

��� ≈ 0  and �� ≈ 1 for � = 0,   ⊥ ,   ∥
Ø Polarization-independent fit: common ��

��� and � for different Polarization

• ��
0 → �� is a golden channel to study CP 

violation in � → � decays
Ø Tiny CP violation expected in the SM
Ø Sensitive to NP in ��

0 mixing and � → � decay

• Pol-independent  results with Run 1 and 2015+2016 data  [JHEP 12 (2019) 155]

• Blind analysis with full Run 2 data, and make a combination with Run 1 results

2

No CPV in mixing

λi ≡ ηi
q
p

Ai

Ai
= |λi|e−iϕs,i

|B0
s,H(L)⟩ = |B0

s ⟩ p ± |B0
s⟩ q

Ai = ⟨ fi|HW|B0
s ⟩

Ai = ⟨ fi|HW|B0
s⟩

i ∈ { 0, ∥ , ⊥ }

η0,∥(⊥) = ± 1

Analysis method 

• An angular analysis is needed to disentangle 
three polarization states of � → �� decays: 
Ø Longitudinal (0, CP even), parallel (∥, CP even) 

and perpendicular (⊥, CP odd)  

3

• For each CP eigenstate ��,  determine CPV phase �� and direct CPV 
parameter|��| in the time-dependent CP asymmetry

���,� � ≡
Γ � → ��  � − Γ �→ ��  � 
Γ � → ��  � + Γ �→ ��  � 

  =
−��cos Δ�� + ��sin Δ��

cosh
ΔΓ�
2 −��sinh

ΔΓ�
2

�� =
1−|��|2

1+|��|2
 , �� =

2ℑ��
1+|��|2

, �� =
2ℜ��

1+|��|2
 �� ≡ ��

�
�
 
���

���

= |��|�−��� 

• Key analysis steps 
Ø Flavour tagging calibration and time resolution calibration
Ø Modelling of angular acceptance and decay time acceptance   

χ

[PRL 89 (2002) 231803][Nucl. Phys. B 774 (2007) 64] [arXiv:0810.0249]
[PRD 80 (2009) 114026] [Nucl. Phys. B 935 (2018) 17][PRD 96 (2017) 073004]

[PRL 131 (2023) 171802]

https://doi.org/10.1103/PhysRevLett.131.171802
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 violation in CP B0
s → ϕϕ

•Data: 
Run2 data ( )

Results are then combined with Run1 
measurements (additional )


•Strategy:

1. Invariant-mass fit to subtract 

 the background

2. Flavour-tagged fit to decay time  

and helicity angles to get the  observables 
[details in the backup]


•Main experimental challenges: 
Decay-time resolution (  )

Flavour-tagging power ( )

Their calibration

6 fb−1

3 fb−1

CP

≈ 40 fs
≈ 6 %

]2c [MeV/)-K+K-K+m(K
5200 5300 5400 5500 5600

)2
Ca

nd
id

at
es

 / 
11

.2
5 

(M
eV

/c

1

10

210

310
LHCb

-16 fb
(a)Data

Fit
 φφ → 0

sB
Kpφ → 0

bΛ
Combinatorial

θcos
1− 0.5− 0 0.5 1

C
an

di
da

te
s /

 (0
.1

0 
)

0

200

400

600

800

1000

1200 (b) LHCb
-16 fb

 [rad]χ
2− 0 2

 ra
d 

)
π

Ca
nd

id
at

es
 / 

(0
.1

0 
0

200

400

600

800

1000

1200
(c) LHCb

-16 fb

Decay time [ps]
2 4 6 8 10

Ca
nd

id
at

es
 / 

(0
.0

7 
ps

)

2−10

1−10

1

10

210

310
(d) LHCb

-16 fb

Figure 1: (a) Mass distribution of the B0
s ! �� candidates, superimposed by the fit projections.

(b-d) Background-subtracted distributions of angular variables and decay time, superimposed by
the fit projections. Here cos ✓ is randomly chosen from cos ✓1 and cos ✓2. The angles ✓1, ✓2 and
� are defined in the text.

distribution, a signal weight is assigned to each candidate using the sPlot method [37].93

These signal weights are used in the subsequent maximum likelihood fit [38] to the94

decay-time and angular distributions in order to statistically subtract the background95

contribution.96

The decay of a B0
s meson to the K+K�K+K� final state can proceed via the ��, �f097

and f0f0 intermediate states. Due to the small phase space of the decay f0 ! K+K�
98

and the narrow K+K� mass window used to select the � candidates, the latter two99

contributions are highly suppressed and found to be negligible from an angular fit that100

accounts for these contributions. Thus in the subsequent analysis, only the B0
s ! �� decay101

is considered. The di↵erential decay rate is written as the sum of six terms, corresponding102

to contributions from the three polarization states and their interferences,103

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 angles104

of the two K+ mesons in the corresponding � rest frame and the angle between the two105

� ! K+K� decay planes. The angular functions fk(~⌦) are defined in Ref. [18]. The106

3
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Helicity angles ( , ) defined in the previous slideχ θ

[PRL 131 (2023) 171802]

https://doi.org/10.1103/PhysRevLett.131.171802

