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Outline 
• Introduction

• CP violation in B0 mixing: sin(2𝛽)

• CP violation in mixing 𝐵!: 𝜙"

• Charmless decays

• The CKM angle 𝛾

• Future look A lot of recent results, my selective 
summary
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Introduction 
CP violation is one of the Sakharov conditions for the generation of a 
matter-antimatter  asymmetry in the early Universe

CP violation in the quark sector in the Standard Model arises from the 
complex phase in the CKM mixing matrix. Not enough to explain baryon 
asymmetry 
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Introduction 
CKM mechanism: the current theory 

5

SM interactions are governed by Yukawa couplings to the Higgs 
field and the weak force. 
Electroweak symmetry breaking & diagonalization of Yukawa 
(mass matrix) gives rise to CKM matrix. 

 

 

 

 CKM theory is highly predictive (a huge range of phenomena 
with only 4 parameters) 

 CKM matrix is hierarchical (quark masses) 
 CP violation accommodated by a single complex phase 
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L.Wolfenstein PRL 51 (1983) 1945 

CKM picture 

14th May 2013 Nobel Symposium 2013, V.Gibson 5/44 

� EWSB & diagonalisation of Yukawa mass matrix ⇒ quark mixing matrix  

h ≠0 ⇒ CP violation
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ഥ𝑈௅ߛఓ𝑊ఓା𝑉஼௄ெ𝐷௅ ൅ ഥ𝐷௅ߛఓ𝑊ఓି𝑉஼௄ெା 𝑈௅

(𝐴, ,ߣ ,ߩ  to be (ߟ
measured in data

� Unitarity of the CKM matrix: ࢂறࢂ ൌ ࡵ

Wolfenstein parameterization

Unitarity of the CKM matrix leads to triangles in the complex (𝜌, 𝜂) plane
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Introduction 

Huge experimental and theoretical progress in last 
25 years - so far confirms the CKM picture

1995

2009

2021
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sin 2β
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sin 2β 
Golden measurement channel 𝐵# → 𝐽/𝜓𝐾"
tree dominated 𝑏 → 𝑐 ̅𝑐𝑠 transition

Measurement primary goal of the b-factories

Interference between decays with and
and without mixing leads to CP asymmetry

sin2� = 0.687± 0.028± 0.012

<latexit sha1_base64="BW0jqd+3HVRfvYVWHlswMN55wmU=">AAACF3icbZDLSgMxFIYzXmu9VV26CRbBVZkpYutCKLpxWcGq0Cklk57a0CQzJGfEMvQt3Pgqblwo4lZ3vo3pRfB2IOTj/88hOX+USGHR9z+8mdm5+YXF3FJ+eWV1bb2wsXlh49RwaPBYxuYqYhak0NBAgRKuEgNMRRIuo/7JyL+8AWNFrM9xkEBLsWstuoIzdFK7UAoRbtGozAo9LIcRIKNH1C8dVCs0TJQjv1z9oqDcLhTdPS76F4IpFMm06u3Ce9iJeapAI5fM2mbgJ9jKmEHBJQzzYWohYbzPrqHpUDMFtpWN9xrSXad0aDc27mikY/X7RMaUtQMVuU7FsGd/eyPxP6+ZYrfayoROUgTNJw91U0kxpqOQaEcY4CgHDhg3wv2V8h4zjKOLMu9CCH6v/BcuyqVgv3R4tl+sHU/jyJFtskP2SEAqpEZOSZ00CCd35IE8kWfv3nv0XrzXSeuMN53ZIj/Ke/sEericSg==</latexit>
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PRL 115 (2015) 031601, 
JHEP 11 (2017) 170 

𝑩૙ mixing phase ࣘࢊ ൌ ૛ࢼ𝐞𝐟𝐟 B factory flagship!

17

• LHCb Run 1:  sin2𝛽 ൌ 0.760 േ 0.034
𝑨𝑪𝑷 ࢚ ൌ െࢌࣁ𝐬𝐢𝐧૛ࢼ 𝐬𝐢𝐧 ࢚ࢊ࢓ࢤ

• Belle:    sin2𝜙ଵ ൌ 0.667 േ 0.023 േ 0.012

• BaBar: sin2𝛽 ൌ 0.687 േ 0.028 േ 0.012

PRL 108 (2012) 171802

PRD 79 (2009) 072009

PRL 115 (2015) 031601, JHEP 11 (2017) 170

Tree-dominated 𝑏 → 𝑐 ҧ𝑐𝑠 processse (e.g. 𝐵଴ → 𝐽/𝜓𝐾ௌ଴)
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(Different sign convention  than LHCb)
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sin 2β New

Mass fit and signal yield
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• Signal modes: Double-sided Hypatia distribution

• B
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S : Shape shared with signal + constant shift

• Combinatorial background: Exponential distribution

• Partial background: Normal distribution

preliminary
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Results
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New LHCb Run 2 (6 fb-1) results using 𝐵# → 𝐽/𝜓𝐾" (both muons 
and electrons) and 𝐵# → 𝜓(2𝑆)𝐾"

Tagged time dependent analysis to determine sin2β 

Parallel talk 
Veronika Chobanova
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sin 2β New

Results
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Combination of LHCb (S ,C ) measurements

Combination strategy

• Combinations of Run 1 and
Run 2 single measurements are
performed

• Input parameter systematics
�md , ��d , ↵ assumed to be
correlated

New total LHCb combination

S
Run 1+2
 K 0

S
=0.723± 0.014 (stat+syst)

C
Run 1+2
 K 0

S
=0.007± 0.012 (stat+syst)

Combination including only J/ 
decays

S
Run 1+2
J/ K 0

S
=0.724± 0.014 (stat+syst)

C
Run 1+2
J/ K 0

S
=0.013± 0.012 (stat+syst)

0.55 0.60 0.65 0.70 0.75 0.80 0.85
S K0

S

�0.10

�0.05

0.00

0.05

0.10

0.15

0.20

C
 
K

0 S

contours hold 39%, 87% CL

Belle II 2023
BaBar 2009
Belle 2012
LHCb Run 1
LHCb Run 2

0.65 0.70 0.75 0.80 0.85
S K0

S

�0.100

�0.075

�0.050

�0.025

0.000

0.025

0.050

0.075

0.100

C
 
K

0 S

contours hold 39%, 87% CL

LHCb Run 1 (new)
LHCb Run 2
LHCb Run 1 + Run 2

V. Jevtic, P. Li sin 2� and �s June 9, 2023 18 / 39

Combination of LHCb (S ,C ) measurements

Combination strategy

• Combinations of Run 1 and
Run 2 single measurements are
performed

• Input parameter systematics
�md , ��d , ↵ assumed to be
correlated

New total LHCb combination

S
Run 1+2
 K 0

S
=0.723± 0.014 (stat+syst)

C
Run 1+2
 K 0

S
=0.007± 0.012 (stat+syst)

Combination including only J/ 
decays

S
Run 1+2
J/ K 0

S
=0.724± 0.014 (stat+syst)

C
Run 1+2
J/ K 0

S
=0.013± 0.012 (stat+syst)

0.55 0.60 0.65 0.70 0.75 0.80 0.85
S K0

S

�0.10

�0.05

0.00

0.05

0.10

0.15

0.20

C
 
K

0 S

contours hold 39%, 87% CL

Belle II 2023
BaBar 2009
Belle 2012
LHCb Run 1
LHCb Run 2

0.65 0.70 0.75 0.80 0.85
S K0

S

�0.100

�0.075

�0.050

�0.025

0.000

0.025

0.050

0.075

0.100

C
 
K

0 S

contours hold 39%, 87% CL

LHCb Run 1 (new)
LHCb Run 2
LHCb Run 1 + Run 2

V. Jevtic, P. Li sin 2� and �s June 9, 2023 18 / 39

Run 1+2 combination all modes

cf Belle (2012) precision of 0.031
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LHCb Run 2 result most precise to date

Still dominated by statistical uncertainty

Run 2 achieved precision (0.015) is close to 
0.012 expected in the 2000 yellow report

Combination of LHCb (S ,C ) measurements
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Summary and preliminary HFLAV 2023 combinations
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• This measurement is the most precise single measurement of

sin(2�)sin(2�)sin(2�) to date

• The statistical sensitivity is still the limiting sensitivity

V. Jevtic, P. Li sin 2� and �s June 9, 2023 19 / 39

Systematic uncertainties

• Fitter validation

• Generate toys of signal and
background components

• Fit toys, compare to
generation values

• ��d uncertainty

• Vary ��d by HFLAV
uncertainty

• FT calibration portability

• Compare transferred
calibrations to MC truth
calibration channels to
calibrations on signal truth.
Generate toys based on
di↵erence distribution.

• FT �✏ portability

• Compare FT e�ciency
asymmetry on MC
calibration channels and
signal MC. Vary parameter
in fit by di↵erence

• Decay-time bias model

• Decay time calibration
parameters varied in 1�
bounds

Source �(S) �(C )

Fitter validation 0.0004 0.0006
��d uncertainty 0.0055 0.0017

FT calibration portability 0.0053 0.0001
FT �✏tag portability 0.0014 0.0017

Decay-time bias model 0.0007 0.0013

V. Jevtic, P. Li sin 2� and �s June 9, 2023 16 / 39

sin 2β LHCb-Paper-2023-013 
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CP violation in Bs mixing
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Bsmixing

B

B

f

_FM

-FD

FD

Interference of decays with/without mixing gives measurable phase

Excellent vertex detector needed 
to resolve fast Bs oscillations

SM prediction JHEP 12 (2019) 009

Nature Physics 18, 1-5(2022)

B0
s � D�

s �+
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CP violation in Bs mixing
• Observable phase fs =  -2bs = FM - 2 FD

• In the Standard Model expected to be 
small fs = - 0.0368 radians 

• Larger values possible in models of New 
Physics �ms = MH � ML

⇥�s = �L � �H

�s = arg

�
�M12

�12

�

Golden mode used by all LHC experiments BS®J/y f
• LHCb also studied BS®J/y K+K-, BS®J/y π+π- , BS®y(2s)f, BS®Ds

+Ds
-

Bs
K+

K-
f

J/y
µ+

µ-

bt

Primary 
Vertex

Since BS®J/y f is not a 
CP eigenstate time-dependent
angular analysis needed to 
determine fs
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ϕs: LHCbFit results

• Simultaneous fit to 48 sub-samples: 4 years ⇥ 2 trigger categories ⇥ 6 m(KK)

• Tagging calibration parameters and spline coe�ciencies of time acceptance are
Gaussian constraint

• Extract physics parameters: �s , �, ��s , �s � �d , �ms
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Mass fit

• Splot technique to subtract backgrounds

• Double-sided Crystall-ball for signal, with width parametrised as a
function of �m

• B
0
! J/ K+

K
� shares signal shape except for the mean of mass

• Exponential function for combinatorial background
• Separate fits in six m(K+

K
�) bins and two trigger categories

Signal candidates: 349000
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New

New LHCb result using BS®J/y f and the full Run 2 dataset (6 fb-1)

arxiv./2308.01468

Parallel talk 
Veronika Chobanova
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ϕs: LHCbNewUpdate of ࢙ࣘ with full Run2 

22

Run2 ߶௦
௃/టథ ൌ െ0.03ͻ േ 0.022 േ 0.006 rad

Run1+2  ߶௦
௃/టథ ൌ െ0.044 േ 0.020 rad

Run1+2  ߶௦௖ ҧ௖௦ ൌ െ0.03ͺ േ 0.01ͺ rad

No sign of CP violation 

No sign of polarization dependence

LHCb-paper-2023-016
in preparation

New LHCb results

Results consistent with Standard Model prediction of small CP violating
asymmetry
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arxiv./2308.01468
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ϕs: GPD results  

Table 8: Fit correlations between the physical parameters of interest, obtained from the fit for solution (b).

�� �B |� | | (0) |2 |�0(0) |2 |�( (0) |2 X k X? X? � X(

qB �0.084 0.019 �0.011 �0.003 �0.006 0.007 0.005 �0.006
�� 1 �0.586 0.090 0.096 0.057 �0.029 �0.010 0.021
�B 1 �0.116 �0.048 0.071 0.070 0.017 0.015

|� | | (0) |2 1 �0.338 �0.110 �0.444 �0.106 �0.052
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X k 1 0.235 0.097
X? 1 0.056
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Figure 7: (Left) Mass fit projection for the ⌫0
B
! �/kq sample. The red line shows the total fit, the short-dashed

magenta line shows the ⌫0
B
! �/kq signal component, the combinatorial background is shown as a blue dotted

line, the orange dash-dotted line shows the ⌫0
3
! �/k 

0⇤ component, and the green dash-dot-dot line shows the
contribution from ⇤1 ! �/k? 

� events. (Right) Proper decay time fit projection for the ⌫0
B
! �/kq sample. The

red line shows the total fit while the short-dashed magenta line shows the total signal. The total background is shown
as a blue dotted line, and a long-dashed grey line shows the prompt �/k background component. Below each figure
is a ratio plot that shows the di�erence between each data point and the total fit line divided by the statistical and
systematic uncertainties summed in quadrature (f) of that point.
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Data taken up to 2017

Eur. Phys. J. C 81 (2021) 342

14

the width difference between the two B0
s mass eigenstates:

fs = �11 ± 50 (stat) ± 10 (syst) mrad,

DGs = 0.114 ± 0.014 (stat) ± 0.007 (syst) ps�1.

The |l| parameter is measured to be |l| = 0.972 ± 0.026 (stat) ± 0.008 (syst), consistent with
no direct CP violation (|l| = 1). The average of the heavy and light B0

s mass eigenstate
decay widths is determined to be Gs = 0.6531 ± 0.0042 (stat) ± 0.0026 (syst) ps�1, consistent
with the world-average value Gs = 0.6624 ± 0.0018 ps�1 [31]. The mass difference between
the heavy and light B0

s meson mass eigenstates is measured to be Dms = 17.51 + 0.10
� 0.09 (stat) ±

0.03 (syst)}ps�1, consistent with the theoretical prediction Dms = 18.77 ± 0.86}ps�1 [4], and
in slight tension with the world-average value Dms = 17.757± 0.021}ps�1 [31]. The uncertain-
ties in all these measured parameters are dominated by the statistical component. This analysis
represents the first measurement by CMS of the mass difference Dms between the heavy and
light B0

s mass eigenstates and of the direct CP observable |l|.

7 Combination with 8 TeV results
The results presented in this Letter are in agreement with the earlier CMS result at a center-of-
mass energy of 8 TeV [14]. As explained in Section 1, both measurements are performed with
a similar number of events, with the one at

p
s = 13 TeV having a higher tagging efficiency.

This leads to an improvement in the uncertainty in quantities that require tagging, such as fs,
while but the uncertainties in those that do not use tagging, such as DGs, depend on the raw
number of events and are not improved relative to the 8 TeV result. The two sets of results are
combined using the BLUE method [48, 49] as implemented in the ROOT package [50–52] using
the following physics parameters: fs, DGs, Gs, |A0|2, |A?|2, |AS|2, dk, d?, and dS?. The statistical
correlations between the parameters obtained in each measurement are taken into account as
well as the correlations of the systematic uncertainties discussed in Section 6. Different sources
of systematic uncertainties are assumed to be uncorrelated. The systematic uncertainty corre-
lation between the parameters of the 8 TeV result is assumed to be zero. This assumption has
been found to not impact the results in a noticeable way. Since the muon tagging, the efficiency
evaluation, and part of the fit model are different in the two measurements, the respective sys-
tematic uncertainties are treated as uncorrelated between the two sets of results. The combined
results for the CP-violating phase and lifetime difference between the two mass eigenstates are:

fs = �21 ± 44 (stat) ± 10 (syst) mrad,

DGs = 0.1032 ± 0.0095 (stat) ± 0.0048 (syst) ps�1,

with a correlation between the two parameters of +0.02. The full combination results and the
correlations between the various extracted parameters are reported in Appendix A.

The two-dimensional fs vs. DGs likelihood contours at 68% confidence level (CL) for the indi-
vidual and combined results, as well as the SM prediction, are shown in Fig. 6. The contours
for the individual results are obtained with likelihood scans, which are used to obtain the com-
bined contour. The contours only account for the statistical uncertainty and the correlation
between the two scanned variables, while the results from the combination obtained using the
BLUE method take into account the statistical and systematic correlations of a wider range of
variables. The results are in agreement with each other and with the SM predictions.

8 TeV data plus 96.4 fb-1 at 
13TeV up from 2017-18

Phys. Lett. B 816 (2021) 136188

ATLAS

CMS
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Summary of ϕs

In agreement with the SM predictions
Large scale factor on ΔΓ", Γ"
reflecting tensions in experimental data

�ccs
s = �0.039± 0.016 rad

<latexit sha1_base64="OB68b3sZmmm+6yRbGQ6sAEMg0xc="></latexit>

Combining with ATLAS, CMS

Combining with LHCb measurements
in other modes gives

Combination with all measurements

• �J/ KK
s = �0.050± 0.017 rad ! improved by 23%

• �cc̄s
s = �0.039± 0.016 rad ! improved by 15%

• Consistent with the prediction of Global fits assuming SM:3

�CKMfitter
s ⇡ (�0.0368+0.0006

�0.0009) rad, �
UTfitter
s = �0.0370± 0.0010 rad

3Ignoring penguin contribution.
V. Jevtic, P. Li sin 2� and �s June 13, 2023 39 / 44
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Bs lifetime summary  
Effective lifetime measurements also 
probe ΔΓ", Γ" consistent with 𝐵" →
𝐽/𝜓𝜙 but less precise

New LHCb measurement using
𝐵" → 𝐽/𝜓𝜂′ (CP even) and 𝐵" →
𝐽/𝜓𝜋$𝜋% (CP odd) in f0(980) region

Relative yield versus decay time gives 
ΔΓ"

New
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Charmless decays
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𝐵! → 𝜙𝜙
CP violation in Bs mixing in 
loop diagrams e.g. 𝐵" → 𝜙𝜙

Tiny CP violation in SM

LHCb update with full Run 2
dataset earlier this year

Tagged time dependent 
angular analysis
to determine 𝜙"" ̅""
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Figure 1: (a) Mass distribution of the B0
s ! �� candidates, superimposed by the fit projections.

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

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

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

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

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

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

d4�(t, ~⌦)

dtd~⌦
/

6X

k=1

hk(t)fk(~⌦) , (1)

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

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

hk(t) = Nke
��st

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

-12011, 1 fb

-1Run 1, 3 fb

-1Run 1 + 2015 + 2016, 5 fb

-1Run 2, 6 fb

-1Run 1 + Run 2, 9 fb

 [rad]sss
sφ

3− 2− 1− 0 1

LHCb

SM prediction

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

LHCb collaboration. The vertical band indicates the SM prediction [6, 7, 9].

7

Run 2

Run 1+2 combination
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𝐵" → 𝜂#𝐾!
Hadronic Penguins

FCNC not allowed in SM at tree level

Æ Decay via loop-suppressed തb ՜ ҧsqതq transition
ÆSensitive to NP

Example: ܤ଴ ՜ ηԢKୗ

Relatively high BF wrt. other penguin mediated decays to 
CP-eigenstates
sin ʹ߶ଵ െ ܵ஼௉ ൌ Ͳ.Ͳͳ േ Ͳ.Ͳͳ (arXiv:hep-ph/0505075)

22.08.2023 Oskar Tittel EPS-HEP 5

଴ܤ ՜ ௌܭԢߟ
Consider sub-channels 
ηᇱ ՜ ηሺγγሻπାπି and 
ηᇱ ՜ ρሺπାπିሻγ

Challenge: High backgrounds from 
random combination of tracks from 
ݍതݍ events

Train event-shape MVA to 
suppress this background

Signal extraction:

22.08.2023 Oskar Tittel EPS-HEP 6

ηᇱ ՜ ηπାπି ηᇱ ՜ ργ

݊௦௜௚ ൌ 82ͻ േ 35

New for 
EPS!
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ηᇱ ՜ ηሺγγሻπାπି and 
ηᇱ ՜ ρሺπାπିሻγ

Challenge: High backgrounds from 
random combination of tracks from 
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suppress this background

Signal extraction:

22.08.2023 Oskar Tittel EPS-HEP 6

ηᇱ ՜ ηπାπି ηᇱ ՜ ργ

݊௦௜௚ ൌ 82ͻ േ 35

New for 
EPS!

Loop suppressed =𝑏 → 𝑠̅𝑞=𝑞 transition with 
relatively high BF

Clear signal above 
Combinatorial background
after MVA

Parallel talk
Oskar Tittel
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𝐵" → 𝜂#𝐾! ଴ܤ ՜ ௌܭԢߟ
Consider sub-channels 
ηᇱ ՜ ηሺγγሻπାπି and 
ηᇱ ՜ ρሺπାπିሻγ

Challenge: High backgrounds from 
random combination of tracks from 
ݍതݍ events

Train event-shape MVA to 
suppress this background

Signal extraction:

22.08.2023 Oskar Tittel EPS-HEP 6

ηᇱ ՜ ηπାπି ηᇱ ՜ ργ

݊௦௜௚ ൌ 82ͻ േ 35

New for 
EPS!

Background Δt shape controlled from 
sideband
Sେ୔ and Cେ୔ extracted from fit in signal 
region with background parameters 
fixed from first step
Fit validated with Bേ ՜ ηԢKേ

Unique at Belle II

HFLAV: ܥ஼௉ ൌ െ0.05 േ 0.04 ܵ஼௉ ൌ 0.63 േ 0.06
22.08.2023 Oskar Tittel EPS-HEP 7

஼௉ܥ ൌ 0.1ͻ േ 0.08 േ 0.03
ܵ஼௉ ൌ 0.67 േ 0.10 േ 0.04

଴ܤ ՜  ௌNew forܭԢߟ
EPS! Background Δt shape controlled from 

sideband
Sେ୔ and Cେ୔ extracted from fit in signal 
region with background parameters 
fixed from first step
Fit validated with Bേ ՜ ηԢKേ

Unique at Belle II

HFLAV: ܥ஼௉ ൌ െ0.05 േ 0.04 ܵ஼௉ ൌ 0.63 േ 0.06
22.08.2023 Oskar Tittel EPS-HEP 7
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ܵ஼௉ ൌ 0.67 േ 0.10 േ 0.04

଴ܤ ՜  ௌNew forܭԢߟ
EPS!

Background Δt shape controlled from 
sideband
Sେ୔ and Cେ୔ extracted from fit in signal 
region with background parameters 
fixed from first step
Fit validated with Bേ ՜ ηԢKേ

Unique at Belle II

HFLAV: ܥ஼௉ ൌ െ0.05 േ 0.04 ܵ஼௉ ൌ 0.63 േ 0.06
22.08.2023 Oskar Tittel EPS-HEP 7

஼௉ܥ ൌ 0.1ͻ േ 0.08 േ 0.03
ܵ஼௉ ൌ 0.67 േ 0.10 േ 0.04

଴ܤ ՜  ௌNew forܭԢߟ
EPS!

arXiv:hep-ph/0505075 

Background shape validated from
sideband

Fit validated with  𝐵$ → 𝜂'𝐾$
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𝐵" → 𝐾!𝜋"𝛾Radiative Penguins

Polarization of photon strongly 
constrains flavor
Æ final state no CP eigenstate
Æ SM: ܵ஼௉ helicity suppressed
NP processes could contribute to a significant mixing-induced CP 
violation

Example: 𝐵଴ → ߛ଴ߨௌܭ
Theory: ܵ஼௉ ൌ െ0.035 േ 0.017 (arXiv:hep-ph/0406055)

22.08.2023 Oskar Tittel EPS-HEP 9

଴ܤ ՜ ௌܭԢߟ
Consider sub-channels 
ηᇱ ՜ ηሺγγሻπାπି and 
ηᇱ ՜ ρሺπାπିሻγ

Challenge: High backgrounds from 
random combination of tracks from 
ݍതݍ events

Train event-shape MVA to 
suppress this background

Signal extraction:

22.08.2023 Oskar Tittel EPS-HEP 6

ηᇱ ՜ ηπାπି ηᇱ ՜ ργ

݊௦௜௚ ൌ 82ͻ േ 35

New for 
EPS!

𝐵଴ → ߛ଴ߨௌܭ

22.08.2023 Oskar Tittel EPS-HEP 11

Consider exclusive decay to 
→଴ሺ∗ܭ ߛ଴ሻߨௌܭ and inclusive 
decay to ܭௌߨ଴ߛ separately

Most precise result up to date!
HFLAV: 
:ߛ଴∗ܭ 𝐶஼௉ ൌ െ0.04 േ 0.14 ܵ஼௉ ൌ െ0.16 േ 0.22
:ߛ଴ߨௌܭ 𝐶஼௉ ൌ െ0.07 േ 0.12 ܵ஼௉ ൌ െ0.15 േ 0.20

𝐶஼௉ ൌ െ0.06 േ 0.25 േ 0.07
ܵ஼௉ ൌ 0.04ି଴.ସସା଴.ସହ േ 0.10

𝐶஼௉ ൌ 0.10 േ 0.13 േ 0.03
ܵ஼௉ ൌ 0.00ି଴.ଶ଺ି଴.଴ସା଴.ଶ଻ା଴.଴ଷ

ߛ଴∗ܭ ߛ଴ߨௌܭ

*The HFLAV ܭௌߨ଴ߛ values include ܭ∗଴ߛ

New for 
EPS!

Channel ߛ଴∗ܭ ߛ଴ߨௌܭ

௄ೄగబ-region [ீ௘௏ܯ
௖మ

] 0.8, 1.0 0.6, 0.8 or
1.0, 1.8

Signal yield 385 േ 24 171 േ 23

𝐵଴ → ߛ଴ߨௌܭ

22.08.2023 Oskar Tittel EPS-HEP 11

Consider exclusive decay to 
→଴ሺ∗ܭ ߛ଴ሻߨௌܭ and inclusive 
decay to ܭௌߨ଴ߛ separately

Most precise result up to date!
HFLAV: 
:ߛ଴∗ܭ 𝐶஼௉ ൌ െ0.04 േ 0.14 ܵ஼௉ ൌ െ0.16 േ 0.22
:ߛ଴ߨௌܭ 𝐶஼௉ ൌ െ0.07 േ 0.12 ܵ஼௉ ൌ െ0.15 േ 0.20

𝐶஼௉ ൌ െ0.06 േ 0.25 േ 0.07
ܵ஼௉ ൌ 0.04ି଴.ସସା଴.ସହ േ 0.10

𝐶஼௉ ൌ 0.10 േ 0.13 േ 0.03
ܵ஼௉ ൌ 0.00ି଴.ଶ଺ି଴.଴ସା଴.ଶ଻ା଴.଴ଷ

ߛ଴∗ܭ ߛ଴ߨௌܭ

*The HFLAV ܭௌߨ଴ߛ values include ܭ∗଴ߛ

New for 
EPS!

Channel ߛ଴∗ܭ ߛ଴ߨௌܭ

௄ೄగబ-region [ீ௘௏ܯ
௖మ

] 0.8, 1.0 0.6, 0.8 or
1.0, 1.8

Signal yield 385 േ 24 171 േ 23

Challenging mode as no tracks
directly from b-vertex 

Radiative Penguins

Polarization of photon strongly 
constrains flavor
Æ final state no CP eigenstate
Æ SM: ܵ஼௉ helicity suppressed
NP processes could contribute to a significant mixing-induced CP 
violation

Example: 𝐵଴ → ߛ଴ߨௌܭ
Theory: ܵ஼௉ ൌ െ0.035 േ 0.017 (arXiv:hep-ph/0406055)

22.08.2023 Oskar Tittel EPS-HEP 9

Most precise result to date
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K𝜋 isospin sum rules
࣊ࡷ isospin sum rule

� SM predicts 𝑰࣊ࡷ ൌ ૙ with ࡻሺ૚ሻ% theoretical uncertainty 

� Belle II able to access all final states for testing ࣊ࡷ isospin sum rule 

WA: 𝐼௄గ ൌ െ13 േ 11 %,  precision limited by 𝐾ௌ଴𝜋଴

𝐼௄గ ൌ െ3 േ 13 േ 5 % Consistent with SM and competitive with W.A.

Talk by Xiaodong Shi

35

SM predicts 𝐼!" = 0 to ~ 1 %

Isospin sum rule: K 0⇡0
time-dependent asymmetry

New for Moriond
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time-dependent asymmetry
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Time dependent measurement, with 415 candidates

Precision comparable with world’s best result even with smaller sample 

K⇡ isospin sum rule: results

New for Moriond

Combine time-integrated with time-dependent results to enhance
sensitivity:

AK0⇡0 = �0.01± 0.12(stat)± 0.05(syst)

B(B0 ! K 0⇡0) = [10.5± 0.6(stat)± 0.7(syst)]⇥ 10�6

Putting all together, we obtain an overall Belle II isospin test:

IK⇡ = �0.03± 0.13(stat)± 0.05(syst)

Consistent with SM prediction

Comparable with world-best result (�0.13± 0.11) even with smaller
sample

(S.Hazra) March 20, 2023 @Moriond EW 8/ 14

K⇡ isospin sum rule: results

New for Moriond

Combine time-integrated with time-dependent results to enhance
sensitivity:

AK0⇡0 = �0.01± 0.12(stat)± 0.05(syst)

B(B0 ! K 0⇡0) = [10.5± 0.6(stat)± 0.7(syst)]⇥ 10�6

Putting all together, we obtain an overall Belle II isospin test:

IK⇡ = �0.03± 0.13(stat)± 0.05(syst)

Consistent with SM prediction

Comparable with world-best result (�0.13± 0.11) even with smaller
sample

(S.Hazra) March 20, 2023 @Moriond EW 8/ 14

Including time integrated study
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CKM angle 𝛾
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CKM angle 𝛾
𝛾 accessed in many ways using 𝑏 → 𝑐 → 𝑢 transitions

Several methods: ADS/GLW, GGBPGZ

Theoretically clean measurement at 10-7 level (Brod+Zupan arXiv:1308.5663 )

BaBar and Belle achieved precision of around 15o. LHCb has achieved 4o precision

Important role for BESIII (Quantum correlated  measurements at the 𝜓(3770))

B decays

D decays: wide range of 2,3 and 4 body modes

Bs ! D⌥
s K

±, B+
s ! D⌥

s K
±⇡+⇡�

<latexit sha1_base64="B1b0cHdViudNrtoZWZxetAcUPTo="></latexit>

D0 ! Ksh
+h0�, D0 ! h+h0�⇡0

<latexit sha1_base64="srcKcvBXa8GIWHlUTzctX/9hy98=">AAACJnicbZDLSsNAFIYn9VbrLerSzWARBbUkUlAXQlEXgpsK9gJNGibTSTN0cmFmopTQp3Hjq7hxURFx56M4bSNo64GBn/87hzPnd2NGhTSMTy03N7+wuJRfLqysrq1v6JtbdRElHJMajljEmy4ShNGQ1CSVjDRjTlDgMtJwe1cj3nggXNAovJf9mNgB6obUoxhJZTn6xXXbgBanXV8izqNHeOsI6LcPob/fPj6C0/SHQCumCjl60SgZ44KzwsxEEWRVdfSh1YlwEpBQYoaEaJlGLO0UcUkxI4OClQgSI9xDXdJSMkQBEXY6PnMA95TTgV7E1QslHLu/J1IUCNEPXNUZIOmLaTYy/2OtRHpndkrDOJEkxJNFXsKgjOAoM9ihnGDJ+kogzKn6K8Q+4ghLlWxBhWBOnzwr6icls1w6vysXK5dZHHmwA3bBATDBKaiAG1AFNYDBE3gBQ/CmPWuv2rv2MWnNadnMNvhT2tc3/8KiaQ==</latexit>

D0 ! K�⇡+⇡�⇡+, D0 ! K+K�⇡�⇡+, D0 ! Ks⇡
+⇡�⇡0, D0 ! ⇡+⇡�⇡+⇡�

<latexit sha1_base64="g/SJxILNcmPoxMjgFnC/3yWaM3g="></latexit>
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𝛾 in B+ → D(*) h+, h = 𝜋,K

𝐵% 𝐵$

e.g. ADS/GLW analysis in JHEP 04 (2021) 081

28 observables measured 

𝛾 determined up to 4-fold ambiguity

CKM angle ࢽ

27

� Access ࢽ from interference of ࢈ → ࢛ ࢈ & → ࢉ
transitions in ࡮േ → േࢎࡰ decays 

� ࡮ decay modes
¾ ାܤ → ,ା݄ܦ ାܤ → ,ା݄∗ܦ ାܤ → ,ା∗ܭܦ ାܤ →

ିߨାߨା݄ܦ
¾ ଴ܤ → ଴∗ܭܦ , ଴ܤ → േߨ∓ܦ
¾ ௦ାܤ → ௦ାܤ ,േܭ∓௦ܦ → ିߨାߨേܭ∓௦ܦ

� ૙ࡰ decay modes 
¾ 2-body: ܦ଴ → ଴ܦ ,ିߨାܭ → ݄ା݄ି
¾ 3-body: ܦ଴ → ଴ܦ,ି′ௌ଴݄ା݄ܭ → ݄ା݄ᇱିߨ଴
¾ 4-body: ܦ଴ → ଴ܦ ,ାߨିߨାߨିܭ →

଴ܦ ,ାߨିߨାܭିܭ → ଴ܦ ,଴ߨିߨାߨௌ଴ܭ →
ାߨିߨାߨିߨ

஻: to be measuredݎ ,஻ߜ ,ߛ  ஽: external inputsݎ ,஽ߜ

JHEP 12 (2021) 141LHCb: γ ൌ 65.4ିସ.ଶାଷ.଼ °

PRD 87 (2015) 052 015
arXiv: 1301.2033

BaBar:  ߛ ൌ 70 േ 18 °
BELLE: ߛ ൌ 73ିଵହାଵଷ °

� Each B factory: ࣌ࢽ ൎ ૚૞°

� Previous LHCb combination : ࣌ࢽ ൎ 4°

Recent updated to include several new ߛ
measurements 

LHCb dominating!

e.g. interference of 𝑏 → 𝑢 and 𝑏 → 𝑐
transitions in 𝐵± → 𝐷ℎ± decays
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LHCb 𝛾 combinationUpdated LHCb ࢽ combination

� New LHCb combination of many ࡮ and ࡰ decay modes 

Consistent with SM prediction: γ ൌ 65. 5ିଶ.଻ାଵ.ଵ ° (CKMFitter)

LHCb-CONF-2022-002

LHCb: ߛ ൌ 63. 8ିଷ.଻ାଷ.ହ ° 10% improvement

േܤ → ܭܦ כ േ

29

LHCb-CONF-2022-003

Combined fit to all LHCb measurements and charm mixing data

LHCb met its goal of 4o precision with Run 1+2 data (LHCb-TDR-012)

Consistent with the CKMFitter prediction
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Recent LHCb results 

𝐵$ → 𝐷)ℎ$ with 𝐷) → 𝐾∓𝜋±𝜋±𝜋∓ Large uncertainty from external
inputs of strong phases/coherence
factor from CLEO/BES 

arXiv:2209.03692 

𝐵$ → 𝐷)ℎ$ with 𝐷) → 𝐾$𝐾%𝜋$𝜋% EPJC 83 (2023) 547 

Model dependent amplitude analysis,  
will benefit from BES3 measurements
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Recent LHCb results 

𝐵) → 𝐷)𝐾∗ with 𝐷) → 𝐾"ℎ$ℎ%
LHCb-PAPER-2023-009

Figure 4: Fit projections of the global fit to the data divided in four categories. Top (bottom)
plots correspond to the D ! K0

S⇡
+⇡� (D ! K0

SK
+K�) decay modes, left (right) correspond

to the long (downstream) K0
S track topologies.

state paths in B0
s ! D0K⇤0 and B0

s ! D⇤0K⇤0 decays is expected to be small because255

rB0
s
⇠ 0.02. Therefore, B0

s particles are assumed to decay exclusively to D0 mesons, thus256

their yield in a Dalitz plot bin is given by the integrated yield multiplied by Fi. The level of257

CP violation in B0 ! D⇤K⇤0 decays is likely at a similar level to the signal, but assigned258

as zero in the fit due to the very small yield of this decay in the fit range. Therefore,259

their phase-space distribution is parameterised given by the integrated B0 ! D⇤K⇤0 yield260

multiplied by F�i. A systematic uncertainty is assigned for this assumption as discussed261

in Sec. 6. For the B0 ! D⇡+⇡� candidates, the D meson is assumed to be an equal262

mixture of D0 and D0 mesons because either pion could be misidentified. Therefore, the263

yield of these decays in a Dalitz plot bin is determined by multiplying the integrated yield264

by 0.5(Fi + F�i). The B± ! DK± background is CP violating and its distribution over265

the Dalitz plot is therefore parameterised similarly to Eqs. (12) and (13) using values of266

the CP violation observables determined from Ref. [24], with  = 1. Finally, the Dalitz267

plot distribution of combinatorial background is unknown, thus the corresponding yield268

in each bin is a free parameter.269

After correcting for small biases and uncertainty undercoverage using pseudo-270

experiments, the CP violation observables are measured to be x+ = 0.074± 0.086,271

9

𝐵$ → 𝐷∗ℎ$ with 𝐷∗ → 𝐷𝜋)/𝛾
with 𝐷) → 𝐾"ℎ$ℎ%
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Figure 10: The 68% (dark blue) and 95% (light blue) confidence level regions for the com-
bination of physical parameters (�, �D⇤K , rD

⇤K
B , �D⇤⇡, rD

⇤⇡
B ) of interest, as determined from

GammaCombo [52]

18

LHCb-PAPER-2023-012 

New

Preliminary

Preliminary

Parallel talk Lei Hao
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Figure 10. p-value as a function of (left) φ3 and (right) rDK
B calculated using the methods described

in ref. [53].
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Figure 11. Two-dimensional confidence regions at the (inner curve) 68% and (outer curve) 95%,
obtained for (left) φ3 − rDK

B and (right) φ3 − δDK
B using the methods described in ref. [53]. Note

the suppressed zeroes on the vertical scales.

The statistical confidence intervals for φ3 and rDK
B are illustrated in figure 10, while figure 11

shows the two-dimensional statistical confidence regions obtained for the (φ3, rDK
B ) and

(φ3, δB) parameter combinations. Figure 12 shows the two-dimensional statistical confidence
region obtained for the (δDπ

B , rDπ
B ) parameter combination; the 95% confidence region is

compatible with the most precise values of these parameters reported [54]. The φ3 result is
consistent with the previous Belle analysis [20] but the statistical precision on φ3 is improved
from 15◦ due to improved K0

S selection and background suppression. The uncertainty related
to strong-phase inputs has also decreased from 4◦ because of the new measurements reported
by the BESIII collaboration [16, 17]. Furthermore, the experimental systematic uncertainty
is decreased from 4◦ primarily from the improved background suppression and the use of
the B+ → Dπ+ sample to determine the acceptance.

– 21 –

Belle 2 starting to produce results in combination with Belle data

BPGGZW analysis of
𝐵$ → 𝐷)ℎ$ , with 𝐷) → 𝐾"ℎ$ℎ%
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Figure 7. p-values (1 � CL) as functions of �3 (left) and rB (right). The dashed horizontal line
shows the 68.3% CL, and the dash-dotted line shows the 95.4% CL.

A Correlation matrices

Table 4 and 5 list the statistical and systematic correlation matrices for ACP± and RCP±.
We vary every fixed parameter randomly by Gaussian distribution for thousand times. We
repeat the fit with the varied values for every fixed parameter, which can result in Gaussian-
like distributions of the measured observables. The correlations are calculated by using
those Gaussian-like distributions. These correlation matrices are used in the extraction of
�3, �B and rB.

Table 4. Statistical correlation matrix of measured observables.

RCP+ RCP� ACP+ ACP�
RCP+ 1 �0.081 0.060 0.000
RCP� 1 0.000 0.056
ACP+ 1 0.000
ACP� 1

Table 5. Systematic correlation matrix of measured observables.

RCP+ RCP� ACP+ ACP�
RCP+ 1 �0.063 0.342 0.005

RCP� 1 �0.128 �0.490

ACP+ 1 0.542

ACP� 1

– 16 –

JHEP 02 (2022) 063 

stat syst ext

GLW analysis of 𝐵$ → 𝐷,-𝐾±

arxiv: 2308.0504890 % CL

Parallel talk Marcus Reif
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Future Prospects
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Prospects for B-mixing
Still room for New Physics amplitude at level of 10 % in Bd , Bs mixing J
In the next decades move from 10 fb-1 to 300 fb-1 with LHCb upgrades
plus ATLAS/CMS/Belle 2

Looking at Run 3 and beyond

• Further precision improvement with more data

• Important way to search for NP indirectly

LHCb-PUB-2018-009, PoS(KMI2017)005, ATL-PHYS-PUB-2018-041, CMS-PAS-FTR-18-041

V. Jevtic, P. Li sin 2� and �s June 9, 2023 38 / 39
LHCb-PUB-2018-009, ATL-PHYS-PUB-2018-041, 
CMS-PAS-FTR-18-041, https://pos.sissa.it/294/005/pdf

SlideManuel Franco Sevilla Recent highlights from LHCb

Conclusions

35

LHCb had enormously successful Runs 1 and 2 
➡ Very broad program  

✦ Flavor physics, heavy ions, fixed target, electroweak 

Upgrade I installed → major project on budget 
➡ Aiming to finish commissioning this year 

Clear case for Upgrade II to fully exploit HL-LHC 
➡ Complementing ATLAS/CMS in the search for discoveries

Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5 LS5 Run 6
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040 2041

9 fb-1 Goal: 50 fb-1

Upgrade I
Goal: 300 fb-1

Upgrade IIUpgrade Ib

Stay tuned for more exciting results and  
Thank you for your attention!
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Prospects for B-mixing
arxiv:2006.04824
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Future sensitivity to new physics in Bd, Bs and K mixings
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We estimate, in a large class of scenarios, the sensitivity to new physics in Bd and Bs mixings
achievable with 50 ab−1 of Belle II and 50 fb−1 of LHCb data. We find that current limits on new
physics contributions in both Bd,s systems can be improved by a factor of ∼ 5 for all values of the
CP violating phases, corresponding to over a factor of 2 increase in the scale of new physics probed.
Assuming the same suppressions by CKM matrix elements as those of the standard model box
diagrams, the scale probed will be about 20TeV for tree-level new physics contributions, and about
2TeV for new physics arising at one loop. We also explore the future sensitivity to new physics in
K mixing. Implications for generic new physics and for various specific scenarios, such as minimal
flavor violation, light third-generation dominated flavor violation, or U(2) flavor models are studied.

I. INTRODUCTION

Before the impressive results from the B factory exper-
iments, BaBar and Belle, the simple picture of Kobayashi
and Maskawa for the origin of the CP violation [1] ob-
served in K decays was not confirmed experimentally.
The BaBar and Belle results showed that the SM de-
scription of the flavor sector is correct at the order one
level. However, in most flavor-changing neutral-current
processes, new physics (NP) can still contribute at least
at the level of 20–30% compared to the SM.
Many extensions of the SM receive stringent con-

straints from data on flavor changing processes and CP
violation, and may give observable effects as the sensi-
tivity improves. The mixings of the four neutral mesons,
K, D, Bd, and Bs, provide particularly strong bounds.
For each neutral-meson system, contributions generated
by new heavy degrees of freedom can be described by two
real parameters. For example, in low-energy supersym-
metry B mixing receives contributions (besides the SM
box diagrams with W bosons and top quarks) from box
diagrams with winos and stops or gluinos and sbottoms.
The magnitudes and phases of such contributions depend
crucially on the mechanism of supersymmetry breaking
and the origin of flavor symmetry breaking.
However, the extraction of NP contribution to meson

mixing is entangled with the determination of the SM
parameters, in particular the CKM elements. It is not
enough to measure the mixing amplitude itself, only the
combination of many measurements can reveal a devia-
tion from the SM. In this paper we perform such a fit, tak-
ing into account the latest expectations for future LHCb
and Belle II measurements, and anticipated progress in
lattice QCD, in order to investigate the sensitivity to NP
in neutral-meson mixing in the near future.

In most of this paper, we consider the well-defined sce-
nario where no deviations from the SM predictions are
observed. This allows us to explore the expected progress
in constraining NP in the mixings of neutral mesons in
an unambiguous way. An illustration of the prospects to
reveal a possible NP signal is given in the last section.

II. NEW PHYSICS IN MESON MIXING

In a large class of NP models the unitarity of the CKM
matrix is maintained, and the most significant NP effects
occur in observables that vanish at tree level in the SM. In
the SM CKM fit, the constraints come from (i) ∆F = 1
processes dominated by tree-level charged current inter-
actions, and (ii) ∆F = 2 meson mixing processes, which
only arise at loop level. Therefore, it is simple to mod-
ify the CKM fit to constrain new physics in ∆F = 2
processes, under the assumption that it does not signif-
icantly affect the SM tree-level charged-current interac-
tions [2]. Within this framework (for a review, see [3]),
we can parameterize the NP contributions to the Bd,s

mixing amplitudes as

Md,s
12 = (Md,s

12 )SM ×
(

1 + hd,s e
2iσd,s

)

. (1)

Until the first measurements of α and γ around 2003, it
was not known if the SM gives the leading contribution
to Bd –Bd mixing [4, 5] (similarly, for Bs –Bs mixing,
the LHCb constraint on sin 2βs was needed).
The motivation for the above parameterization is that

any NP contribution toM12 is additive, and using Eq. (1)
one can easily read off both the magnitude and the CP
violating phase of the total NP contribution. In particu-
lar, for a NP contribution to the mixing of a meson with

4

sitivity is derived from the counting of the W decays
selected with two jets satisfying b-tagging and c-tagging
algorithms, which performance is given in Refs. [23, 24].
It is already observed from this state-of-the-art starting
point that the precision on the |Vcb| matrix element is
improved by a factor 3–4. The precision of the semilep-
tonic CP asymmetries are obtained from a fast simu-
lation study [26]. A similar method as employed by
LHCb [43] is considered, using a squared-cut based selec-
tion of the decays Bs → Ds!νX , but enhanced to decays
of Ds containing π0 and KS. The obtained statistical
precision is a few times 10−5, which makes possible to
attain the SM value. However, the detection asymme-
tries are expected to be a limitation of the method, at a
level comparable to the statistical uncertainty.

B. Current status

The present constraints on the magnitudes of NP con-
tributions to the Bd and Bs mixing amplitudes are shown
in Fig. 1, with inputs corresponding to the Summer 2019
version of the CKMfitter Collaboration updates [18], to
which we add the inputs Ad

SL = 0.0000 ± 0.0019 and
As

SL = +0.0016 ± 0.0030 (with +6.6% correlation) [17].
In the SM fit (hd = hs = 0) the pulls of the observables
∆md and ∆ms are 1.7 and 1.3 σ, respectively. Allowing
for NP contributions, the fit shown in Fig. 1 favors hd

and hs somewhat away from the origin, alleviating the
pulls of ∆md and ∆ms to 0.4 and 0.2 σ, respectively.
Fig. 1 shows agreement with the SM hypothesis at ∼ 1σ.
In the NP scenario, the 1σ intervals for the Wolfenstein

parameters are

A = 0.813+0.016
−0.015 , λ = 0.224835+0.000255

−0.000059 ,

ρ̄ = 0.122+0.025
−0.022 , η̄ = 0.371+0.022

−0.015 . (4)

Note that the uncertainties of ρ̄ and η̄ increase by about
a factor of 3 compared to the fits assuming the SM, while
for the NP parameters we obtain

hd = 0.075+0.153
−0.064 , hs = 0.048+0.048

−0.048 ,

σd = −1.40+0.97
−0.23 , (5)

with σs unconstrained at 1σ. The plot in Fig. 1 is
obtained by treating ρ̄, η̄, and the other physics pa-
rameters not shown as nuisance parameters. This cor-
responds to the case of generic NP, ignoring possible
model-dependent relations between different ∆F = 2
transitions. The constraint from εK has negligible im-
pact throughout this paper when no NP in the kaon sec-
tor is considered; when NP in this sector is allowed as
mentioned in the Introduction, εK probes NP mediat-
ing ∆S = 2 transitions, with no impact whatsoever on
our analyses. One can see from Fig. 1 that LHCb mea-
surements have imposed comparable constraints on NP
in Bs mixing to those in the Bd system. This qualitative
picture will continue to hold in the future.
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FIG. 1. Current sensitivities to hd−hs in Bd and Bs mixings
as of Summer 2019 [18]. The black dot indicates the best-fit
point, and the dotted curve shows the 99.7%CL (3σ) contour.

To estimate and plot future sensitivities for our
Phase I, II, and III benchmarks, we adjusted the cen-
tral values of the input measurements to their best fit
values in the SM global fit of 2019, in order to eliminate
tensions when moving to smaller uncertainties in the fu-
ture scenarios. The effect of adjusting the central values
is illustrated by the top left plot in Fig. 2, which shows
the fit with the adjusted central values of Table I and
the same uncertainties as in Fig. 1. By construction, the
p-value in Fig. 2 is maximal at hd = hs = 0. It turns out
that both fits yield similar 3σ bounds on hd and hs.
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tribute to the final precision of the world average. Yet,
this is not taken into account in the anticipated preci-
sion of this observable considered here. Moreover, the
uncertainties in the determinations of the angles of the
Bd unitary triangle will reach around the 1◦ level.
These improvements on theoretical inputs and data

translate into much better constraints on the hd − hs

plane parameterizing the size of NP in Bs and Bd meson-
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FIG. 2. Current (top left), Phase I (top right), Phase II (bottom left), and Phase III (bottom right) sensitivities to hd − hs in
Bd and Bs mixings, resulting from the data shown in Table I (where central values for the different inputs have been adjusted).
The dotted curves show the 99.7%CL (3σ) contours.

Fit description (Phase I)
Sensitivities at 1σ

hd hs

main fit [0, 0.040] (100%) [0, 0.036] (100%)

no {fBs , fBs/fBd
, BBs , BBs/BBd

} uncertainties [0, 0.036] (90%) [0, 0.033] (92%)

no ηB uncertainty [0, 0.035] (88%) [0, 0.031] (86%)

no {fBs , fBs/fBd
, BBs , BBs/BBd

, ηB} uncertainties [0, 0.032] (80%) [0, 0.029] (81%)

TABLE II. The role of input uncertainties in the Phase I results, for LHCb with 50/fb and Belle II with 50/ab. The displayed
hd,s ranges are at 1σ, and percentages correspond to the relative uncertainty with respect to the main fit.

mixing, as seen from the top right plot in Fig. 2, which as-
sumes that future measurements remain consistent with
the SM. These results are similar to the “Stage II” sce-
nario shown in Ref. [12], which corresponded to the same
projected LHCb and Belle II integrated luminosities.

Table II illustrates the effects of reducing the uncer-

tainties of the nonperturbative and perturbative theo-
retical inputs involved in the predictions of the mass
differences ∆md and ∆ms, where we explored the con-
sequences of eliminating their uncertainties. This table
shows that setting to zero the uncertainties of the nonper-
turbative or the perturbative theoretical inputs have sim-
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Figure 4.5: Left: Comparison of di↵erent methods used to determine the angle �, reproduced from
Ref. [25]. Right: Comparison between the current LHCb 3-body GGSZ and 2-body GLW/ADS mea-
surements alongside their future projections with 300 fb�1 in the plane of � vs. rDK

B (note the curtailed
y-axis for rDK

B ). The scan is produced using a pseudo-experiment, centred at � = 70�, rDK
B = 0.1, with

B± ! DK± decays only.

requires large simulation samples. More precise measurement of important external parameters,
particularly ci and si from BESIII, will be required to reduce the uncertainty associated with
the model independent GGSZ method. The uncertainties of inputs from charm threshold data
collected by CLEO-c will begin to limit the sensitivity by the end of Run 2, so it is essential
to work together with BESIII to provide updated measurements for the suite of charm decays
and D ! K0

S
h+h� in particular. Provided that the charm inputs are improved sub-degree level

precision on � is attainable. Understanding the correlations between di↵erent B decay modes
that all use these external parameters will be vitally important as they are likely to contribute
one of the largest overall systematic uncertainties in the combination. A comparison between
the current LHCb GGSZ and GLW/ADS measurements [146,151] with their future projections
at 300 fb�1 is shown in Fig. 4.5 (right). The order of magnitude increase in precision is very
apparent and the importance of the combination clear, given the multiple ambiguous solutions
for GLW/ADS measurements is not resolved with increased luminosity.

The GGSZ modes are considered the golden modes at Belle II and drive the overall uncertainty
on � which is expected to reach 1.5� with a data sample of 50 ab�1. This is comparable to
the sensitivity that the LHCb � combination will achieve with a data sample corresponding
to approximately 23 fb�1. Subsequently input from Belle II will still contribute towards the
world average by the end of LHCb’s Upgrade I but LHCb will dominate � measurements with
Upgrade II (300 fb�1) contributing entirely towards a world average precision of ⇠ 0.35�. The
impact of this measurement on the unitarity triangle fit is shown in Fig. 10.2. It should be
emphasised that this projection includes only the currently used strategies, and does not include
improvements from other approaches. A comparison between the projected uncertainties for
LHCb and the world average as a function of integrated luminosity is shown in Fig. 4.6.

4.3 Amplitude analysis of B+ ! h+h+h� decays

The decays of charged B mesons to three-body final states containing charged pions and kaons
have elicited much recent interest due to the observation [168] of extremely large CP -violating
asymmetries. While the phase-space integrated asymmetries are of order a few percent, the
asymmetries as a function of the position in phase space are considerably larger, even approaching
±1 in some areas, as illustrated in Fig. 4.7. The pattern in which the CP asymmetries vary is
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At present 𝜎.~ 4/

Belle 2 with 50 ab-1 𝜎.~1 − 2/
LHCb Upgrade I (50 fb-1) 𝜎.~1/

LHCb Upgrade  II (300 fb-1) 𝜎.~0.4/

To fully exploit precision improved estimates of strong phases from BESIII
will be needed

arXiv:1808.08865

2030

2040

2023



Summary 
� The LHCb experiment has achieved the most precise measurements of 

the CKM angle 𝛽, 𝛽௦ and 𝛾, which all agree with the SM predictions.
� Belle II is ramping up and producing interesting results.
� A deeper understanding of CP violation is a long term goal that requires 

synergies of LHCb upgrades, Belle II and future charm experiments.
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� The LHCb experiment has achieved the most precise measurements of 
the CKM angle 𝛽, 𝛽௦ and 𝛾, which all agree with the SM predictions.

� Belle II is ramping up and producing interesting results.
� A deeper understanding of CP violation is a long term goal that requires 

synergies of LHCb upgrades, Belle II and future charm experiments.
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• New precise measurements of sin(2𝛽) and 𝜙" from LHCb

• 𝛾 known to better than 4o: no longer the least precisely known CKM angle
• New results on 𝛾 from LHCb, Belle always coming

• Belle 2: Ramping up and producing wide range of interesting results
• e.g 𝐵) → 𝜂'𝐾"

• A lot more to come in the next decades from LHCb Upgrade(s),
ATLAS/CMS and Belle 2



37

Summary

ar
xi

v:
20

06
.0

48
24

2021

2040

?



38



39

Backup



40

Penguin Pollution  Penguin pollution   

15 

19 LHCb, JHEP 11 (2015) 082 

tree level 
penguin diagram 

The penguin contribution  
could mimic NP effects 

Penguin contributions could mimic NP effects 
 
Study using other modes related by SU(3)  
symmetry to limit size using data  
e.g. Bs è J/ψ K*, B0 è J/ψρ  

Bs è J/ψ K* 

tree

8.2 Branching fraction

Several sources of systematic uncertainties on the branching fraction measurements are
studied, summarised along with the results in Table 5: systematic uncertainties due to the
external parameter fd/fs and due to the branching fraction B(�! K
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uncertainties due to the ratio of e�ciencies obtained from simulation and due to the angular
parameters, propagated into the ! factors (see Sect. 8.1); and systematic uncertainties
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⇤0 yields, which are determined from the fit to
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due to the B
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+
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distribution, described in Sect. 7.3, is also taken into account, where only the e↵ect due
to the modelling of the upper tail of the B
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peak is considered (see Sect. 8.1.1). For the

computation of the absolute branching fraction B(B0
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⇤0) (see Sect. 7.5), two
additional systematic sources are taken into account, the uncertainties in the external
parameters B(B0
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⇤0) and B(B0
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Table 5: Summary of the measured values for the relative branching fractions and their statistical
and systematic uncertainties.
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Angular correction (!) 0.09 0.07
Mass model (e↵ect on the yield) 0.06 0.08
fd/fs 0.17 —
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+
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Quadratic sum (excluding fd/fs) 0.12 0.13
Total uncertainties 0.25 0.23

9 Penguin pollution in �s

9.1 Information from B0
s ! J/ K⇤0

Following the strategy proposed in Refs. [9, 11, 13], the measured branching fraction,
polarisation fractions and CP asymmetries can be used to quantify the contributions
originating from the penguin topologies in B

0
s
! J/ K

⇤0. To that end, the transition
amplitude for the B

0
s
! J/ K

⇤0 decay is written in the general form
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are included as Gaussian constraints in the fit. The values obtained from the fit are

a0 = 0.01+0.10
�0.01 , ✓0 = �

�
83+97

�263

��
,

����
A

0
0

A0

���� = 1.195+0.074
�0.056 ,

ak = 0.07+0.11
�0.05 , ✓k = �

�
85+72

�63

��
,

�����
A

0
k

Ak

����� = 1.238+0.104
�0.080 ,

a? = 0.04+0.12
�0.04 , ✓? =

�
38+142

�218

��
,

����
A

0
?

A?

���� = 1.042+0.081
�0.063 ,

with the two-dimensional confidence level contours given in Fig. 8, which also shows the
constraints on the penguin parameters derived from the individual observables entering
the �2 fit as di↵erent bands. Note that the plotted contours for the two H observables do
not include the uncertainty due to |A

0
/A|.

The results on the penguin phase shift derived from the above results on ai and ✓i are

��J/ �

s,0 = 0.000+0.009
�0.011 (stat)

+0.004
�0.009 (syst) rad ,

��J/ �

s,k = 0.001+0.010
�0.014 (stat)±0.008 (syst) rad ,

��J/ �

s,? = 0.003+0.010
�0.014 (stat)±0.008 (syst) rad .

These results are dominated by the input from the CP asymmetries in B
0
! J/ ⇢

0, and
show that the penguin pollution in the determination of �s is small.

10 Conclusions

Using the full LHCb Run I data sample, the branching fraction, the polarisation fractions
and the direct CP violation parameters in B

0
s
! J/ K

⇤0 decays have been measured. The
results are

B(B0
s
! J/ K

⇤0) = (4.14± 0.18(stat)± 0.26(syst)± 0.24(fd/fs))⇥ 10�5

f0 = 0.497 ± 0.025 (stat) ± 0.025 (syst)
fk = 0.179 ± 0.027 (stat) ± 0.013 (syst)

A
CP

0 (B0
s
! J/ K

⇤0) = �0.048 ± 0.057 (stat) ± 0.020 (syst)
A

CP

k (B0
s
! J/ K

⇤0) = 0.171 ± 0.152 (stat) ± 0.028 (syst)

A
CP

? (B0
s
! J/ K

⇤0) = �0.049 ± 0.096 (stat) ± 0.025 (syst) ,

which supersede those of Ref. [16], with precision improved by a factor of 2� 3. The shift
on �s due to penguin pollution is estimated from a combination with the B

0
! J/ ⇢

0

channel [15], and is found be to compatible with the result from the earlier analysis.
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Fit to CP observables + polarization amplitudes in Bs è J/ψ K*, B0 è J/ψρ  

Effect of penguins bounded to be less than  current uncertainties 
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Figure 8: Limits on the penguin parameters ai and ✓i obtained from intersecting contours
derived from the CP asymmetries and branching fraction information in B0

s ! J/ K⇤0 and
B0

! J/ ⇢0. Superimposed are the confidence level contours obtained from a �2 fit to the data.
The longitudinal (top), parallel (middle) and perpendicular (bottom) polarisations are shown.
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Table 1: Recent Standard Model predictions for ��s.

Value [⇥10
�2

ps
�1

] Renormalization scheme Reference

7.7± 2.2 Pole mass Asatrian et. al. [1]

8.8± 1.8 MS Asatrian et. al. [1]

9.2± 1.4 MS Davies et. al. [2]

9.1± 1.3 MS Lenz et. al. [3]

7.6± 1.7 Avg. MS + PS Gerlach et. al. [4]
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Belle II potential for ࢻ/ࣘ૛

32

� Control hadronic parameter 𝑟 and ࢾ using BFs and CPV of all isospin-related         
𝐵 → ߨߨ ሺ𝐵 → ሻߩߩ channels,  which are all accessible at Belle II

𝐴஼௉ 𝑡 ൌ 𝐶cos Δ𝑚ௗ𝑡 െ 𝑆sinሺΔ𝑚ௗ𝑡ሻ
𝑆 ൌ sin 2𝛼 ൅ 2 𝑟cos 𝛿 sin 𝛼 ൅ 𝛽 cos 2𝛼

� Access ࢻ from TD-CPV in ૙࡮ → ࣊࣊, ࣋࣋ decays 
𝛼 ൌ ሺ85. 2ିସ.ଷାସ.଼ሻ° （HFLAV）

ࣜ ିߩାߩ ൌ 2.67 േ 0.28 േ 0.28 ൈ 10ିହ, 𝑓௅ ൌ 0.956 േ 0.035 േ 0.033

ࣜ ଴ߩାߩ ൌ 2.32 േ 0.22 േ 0.27 ൈ 10ିହ, 𝑓௅ ൌ 0.943 േ 0.035 േ 0.060
𝐴஼௉ ൌ െ0.069 േ 0.068 േ 0.060

arXiv:2206.12362

ࣜ ିߨାߨ ൌ 5.83 േ 0.22 േ 0.17 ൈ 10ି଺,
ࣜ ଴ߨାߨ ൌ 5.10 േ 0.29 േ 0.32 ൈ 10ି଺, 𝐴஼௉ ൌ െ0.081 േ 0.054 േ 0.008

ࣜ ଴ߨ଴ߨ ൌ 1.38 േ 0.27 േ 0.22 ൈ 10ି଺, 𝐴஼௉ ൌ 0.14 േ 0.46 േ 0.07
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