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CKM 2021: Summary of Working Group 4

1. Introduction

The study of neutral 𝐵 meson oscillations provides many insights into quark flavour dynamics.
The oscillation frequencies can be calculated precisely within the Standard Model (SM), and any
experimentally measured deviation could hint at contributions from New Physics (NP). Standard
Model predictions indicate that CP violation in mixing should be small, so discovery of large
violation would also herald New Physics.

This summary reviews contributions to the CKM 2021 workshop in Working Group 4. In
particular, theoretical and experimental progress determining 𝐵 meson mixing properties are dis-
cussed. New measurements of the CKM angle 𝛾, the 𝐵𝑠 mass difference, and time-dependent CP
violation parameters are presented. Some puzzles in the 𝐵0𝑠 → 𝐷∓

𝑠𝐾
± system are summarized, and

new ideas for 𝜙2(𝛼) measurements are presented. Consequences for global CKM fits are reviewed.
Finally, an outlook is given as to what future upgrades and experiments can bring us.

2. Standard Model predictions of 𝑩 meson mixing parameters

The 𝐵0
𝑑,𝑠

− 𝐵0𝑑,𝑠 systems each feature three physical observables that are of great interest for
probing our understanding of the Standard Model as well as looking for New Physics. These are
the mass differences Δ𝑚𝑑,𝑠, the width differences ΔΓ𝑑,𝑠, and CP asymmetries in flavor-specific
decays 𝑎𝑑,𝑠fs . A statistically significant discrepancy between theory predictions and experimental
measurements for Δ𝑚𝑑,𝑠 would be a hint for NP effects entering via heavy particles in the loops.
Light beyond Standard Model (BSM) particles feebly interacting with SM fields can instead induce
a disagreement between theory and experiment in the case of ΔΓ𝑠. The most recent experimental
values for these observables read

Δ𝑚
exp
𝑑

= (0.5065 ± 0.0019) ps−1 [1] , (1)
Δ𝑚

exp
𝑠 = (17.765 ± 0.006) ps−1 [1] , (2)

ΔΓ
exp
𝑠 = (0.082 ± 0.005) ps−1 [1] . (3)

The width difference ΔΓ𝑑 is still not measured [1].
Since the 𝑊 boson is so massive compared to hadronic scales, neutral meson mixing of 𝐵𝑞

(𝑞 = 𝑑, 𝑠) mesons can be parameterised in terms of matching coefficients in effective Hamiltonians
and non-perturbativematrix elements. The non-perturbativematrix elements of the five parity-even,
dimension-6, Δ𝐵 = 2 operators can be computed from first principles by means of lattice QCD
simulations. These are often cast in the form of bag parameters, i.e. are normalised by their vacuum
saturation values. The first of these operators, 𝑂1 ∝ (�̄�𝛾`𝑞)𝐿 (�̄�𝛾`𝑞)𝐿 , is of particular relevance
since the experimentally measurable mass difference Δ𝑚𝑞 (𝑞 = 𝑙, 𝑠) can be parameterised as

Δ𝑚𝑞 =
��𝑉𝑡𝑑𝑉∗

𝑡𝑞

��2 K 𝑀𝐵𝑞
𝑓 2𝐵𝑞

�̂�
(1)
𝐵𝑞
, (4)

where the K factor is known and independent of the light quark. Precise knowledge of the non-
perturbative decay constant 𝑓𝐵𝑞

and the bag parameter �̂� (1)
𝐵𝑞
, in combination with the experimental

measurements, therefore allows the extraction of the CKM matrix elements |𝑉𝑡𝑞 |. The SU(3)
breaking ratio b2 = ( 𝑓 2

𝐵𝑠
�̂�
(1)
𝐵𝑠

)/( 𝑓 2
𝐵𝑑
�̂�
(1)
𝐵𝑑

) gives access to the ratio |𝑉𝑡𝑑/𝑉𝑡𝑠 | [2].
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Since the last meeting of this workshop, CKM2018, where the results from the Fermilab/MILC
collaboration [3] were discussed, new computations by HPQCD [4] and by RBC/UKQCD [5] have
become available. These were reviewed at CKM 2021 by Tsang [6]. Both of these works include
ensembles with physical pion mass ensembles, removing the need for a chiral extrapolation and
thereby eliminating an important source of systematic uncertainty. The large bottom quark mass
can cause sizeable discretisation effects in lattice QCD simulations. To circumvent this, the heavy
quark can be simulated with an effective action which enables direct simulations at the bottom
quark mass in exchange for difficult-to-reduce systematic uncertainties. Alternatively, simulations
can take place at lighter than physical heavy quark masses without the need for an effective action,
but instead requiring an extrapolation to the physical 𝑏-quark mass.

The HPQCD result [4] follows the first approach with the heavy quarks discretised using
the non-relativistic QCD action [7]. The light quarks use the highly improved staggered quark
(HISQ) action, a successor to the AsqTad staggered action used in Ref. [3]. The matrix elements
of all five operators are presented for 𝐵𝑑 and 𝐵𝑠 mixing. The individual bag parameters have
uncertainties ranging between 4 and 8% improving on, and in agreement with, the results from
Fermilab/MILC [3]. Due to partial cancellations of statistic and systematic uncertainties, the
uncertainty for the ratio of bag parameters is reduced to approximately 2.5%.

The RBC/UKQCD [5] collaboration uses the chirally symmetric domain wall fermion action
for all quark flavours. Data are simulated for quark masses from below the charm quark mass
to approximately half the bottom quark mass. Suitable SU(3) breaking ratios such as b and the
ratio of bag parameters are formed because their benign heavy quark dependence allows for a
controlled extrapolation to the physical bottom quark mass. The ratios of bag parameters and the
phenomenologically interesting quantity b are determined around the percent level. The dominating
systematic uncertainty stems from the extrapolation in the heavy quark mass. This source of
uncertainty can be systematically improved by including ensembles with finer lattice spacings
which allow to simulate closer to the physical 𝑏-quark mass. Efforts to achieve this and to extend
the analysis to the full five-operator basis are in progress. First results for a joint analysis between
RBC/UKQCD and JLQCD have been reported recently [8].

The results [3–5] are highly complementary as they utilise very different methodologies. In
particular the gauge field ensembles, the light quark action, and the heavy quark actions are all
different between the three works. The obtained results are mutually compatible, but the extraction
of |𝑉𝑡𝑑 |, |𝑉𝑡𝑠 | and their ratio remains dominated by theoretical uncertainties, necessitating further,
more precise predictions.

In addition to the lattice results for the dimension-6 operator matrix elements, two recent,
related works are noteworthy. The first is a set of sum rule calculations of the dimension-6 operator
matrix elements [9]. These are in good agreement with the aforementioned lattice results [3, 4].
The second is a lattice computation of the dimension-7 operators contributing at next-to-leading
order in 1/𝑚𝑏 to the 𝐵𝑠 − 𝐵𝑠 width difference ΔΓ𝑠 [10]. This is the first time that ΔΓ1/𝑚𝑏

has
been determined using lattice calculations, replacing rough estimates from the vacuum saturation
approximation. The theory uncertainty coming from ΔΓ1/𝑚𝑏

is still one impediment to matching
the experimental precision.

The theoretical prediction for ΔΓ𝑠 is also known to be affected by large perturbative uncertain-
ties. These uncertainties quantify uncalculated two- and three-loop QCD corrections to the Wilson

3



CKM 2021: Summary of Working Group 4

coefficients obtained from the matching between |Δ𝐵| = 1 and |Δ𝐵| = 2 effective Hamiltonians.
Different contributions to these matching coefficients can be enumerated in terms of different opera-
tor insertions on the |Δ𝐵| = 1 side. These comprise two insertions of an operator from the following
categories: current-current 𝑄1−2, four-fermion penguin 𝑄3−6 and chromomagnetic penguin 𝑄8.

The current state-of-the-art prediction for ΔΓ𝑠 corresponds to NLO accuracy [11–15] with par-
tial NNLO results [16, 17]. The latter, however, include only fermionic contributions proportional
to the number of flavors 𝑁 𝑓 . At this workshop, Shtabovenko reported on the main steps towards
the full NNLO prediction. All contributions 𝑄𝑖 ×𝑄 𝑗 had been calculated at two-loop accuracy and
the three-loop current-current 𝑄1−2 × 𝑄1−2 piece had been evaluated. For simplicity, the Wilson
coefficients were calculated as an expansion in 𝑧 ≡ 𝑚2𝑐/𝑚2𝑏 up to O(𝑧). Furthermore, the two-loop
double chromomagnetic penguin insertion 𝑄8 × 𝑄8 is formally of N3LO. The analytic two-loop
results can be found in [18, 19], while the three-loop calculation has just appeared [20].

By including all the two-loop corrections at one’s disposal, we now have new theory predictions
for the ratio ΔΓ𝑠/Δ𝑚𝑠, which has the nice feature of being independent of 𝑉𝑡𝑠 so that the results are
not affected by the existing 𝑉𝑐𝑏 controversy. Shtabovenko and collaborators find

ΔΓ𝑠

Δ𝑚𝑠
= (4.70+0.32−0.70scale ± 0.12𝐵�̃�𝑆

± 0.801/𝑚𝑏
± 0.05input) × 10−3 (pole) ,

ΔΓ𝑠

Δ𝑚𝑠
= (5.20+0.01−0.16scale ± 0.12𝐵�̃�𝑆

± 0.671/𝑚𝑏
± 0.06input) × 10−3 (MS) , (5)

where “scale” describes the uncertainties related to the choice of the renormalization scale, while
“𝐵�̃�𝑆” is related to the variations of the leading order bag parameters and “input” is linked to
the uncertainties in the values of the strong coupling constant, CKM parameters and the quark
masses. Finally, “1/𝑚𝑏” denotes the uncertainties from the power-suppressed corrections in the
operator product expansion. The schemes “MS” and “pole” refer to the way how one treats the 𝑚2

𝑏

prefactor in the theoretical formula for ΔΓ𝑠 (c.f. [18, 19] for more details). One can choose it as an
MS or an on-shell mass. Notice that in both schemes all masses apart from this 𝑚2

𝑏
prefactor are

always treated in the MS scheme. A numerical update of these numbers featuring the three-loop
current-current contributions is currently in preparation and will finally allow a prediction of ΔΓ𝑠
at NNLO accuracy.

3. Measurements of 𝑩 meson lifetime and mixing properties, and time-dependent
CPV at the LHC

The LHC experiments ATLAS, CMS and LHCb reported recent measurements of the three
CKM angles, the CP-violating phase 𝜙𝑠, the 𝐵0𝑠 lifetime properties and the mixing parameter Δ𝑚𝑠.
Most notably, the combined LHCb precision in Δ𝑚𝑠 [21] is three times better than the previous
world average [1]. Furthermore, LHCb made the first time-dependent observation of CP violation
in the 𝐵0𝑠 system, in the 𝐵0𝑠 → 𝐾𝐾 decay mode [22]. The updates on 𝜙𝑠 include both a significant
increase in the experimental precision as well as a deeper understanding in the penguin contributions
from global fits to signal and control modes.
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Figure 1: The confidence level for the measurements of the CKM angle 𝛾 broken down by decay mode [1].
The new measurement [21] using 𝐵0𝑠 → 𝐷∓

𝑠𝐾
±𝜋±𝜋∓ is hatched green.

3.1 Time-dependent measurement of 𝜸 and 𝚫𝒎𝒔 at LHCb

Themost recent CKM angle 𝛾measurements performed at LHCbwere presented, including the
first measurement that takes advantage of mixing-induced CP violation between 𝐵0𝑠 → 𝐷∓

𝑠𝐾
±𝜋±𝜋∓

and 𝐵0𝑠 → 𝐷±
𝑠𝐾

∓𝜋∓𝜋± decays. The decays are reconstructed in proton-proton collision data
corresponding to an integrated luminosity of 9 fb−1 recorded with the LHCb detector at a centre-of-
mass energy of 13 TeV. In these decays, the sensitivity to the weak phase results from the interference
between b → c and b → u transitions achieved through 𝐵0𝑠 − 𝐵

0
𝑠 mixing. Mesons comprising a

beauty quark and a strange quark can oscillate between particle and antiparticle flavour eigenstates,
with a frequency given by the mass difference between heavy and light mass eigenstates, Δ𝑚𝑠. Due
to the interference between mixing and decay amplitudes, the physical CP-violating observables in
these decays are functions of a combination of 𝛾 and the mixing phase 𝛽𝑠. To account for the non-
constant strong phase across the phase space, one can either perform a time-dependent amplitude
fit or select a suitable phase-space region and introduce a coherence factor as additional hadronic
parameter to the decay-time fit. Both approaches are explored. A time-dependent amplitude analysis
is performed to extract the CP-violating weak phase 𝛾 − 2𝛽𝑠, and subsequently 𝛾 = (44 ± 12)◦

modulo 180◦, where statistical and systematic uncertainties are combined [21]. An alternative
model-independent measurement, integrating over the five-dimensional phase space of the decay,
yields 𝛾 =

(
44+20−13

)◦
modulo 180◦ [21]. Therefore, a good agreement between the two methods has

been achieved. As shown in Fig. 1, this new result has been combined with the previous results
of 𝛾 within the framework of HFLAV [1]. While the combination is dominated by the resolution
obtained for the various 𝐵+ → 𝐷0𝐾+ modes, the new result has comparable precision to other
modes and adds to the overall consistency in the determination of the angle. The world average
using all measurements is 𝛾 =

(
66.2+3.4−3.6

)◦
.

LHCb also reported two new measurements of Δ𝑚𝑠. The 𝐵0𝑠 - 𝐵
0
𝑠 oscillation frequency is

measured from the flavour-specific channel 𝐵0𝑠 → 𝐷−
𝑠 𝜋

+𝜋+𝜋− to be Δ𝑚𝑠 = (17.757± 0.007(stat) ±

5
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0.008(syst)) ps−1 [21]. Moreover, LHCb presented the measurement of Δ𝑚𝑠 through the 𝐵0𝑠 →
𝐷−
𝑠 𝜋

+ decay channel [23]. This measurement improves upon the current Δ𝑚𝑠 precision by a factor
of two and is found to be Δ𝑚𝑠 = (17.7683 ± 0.0051(stat) ± 0.0032(syst)) ps−1. Combining all
LHCb Δ𝑚𝑠 measurements, the average is Δ𝑚𝑠 = (17.7656 ± 0.0057) ps−1 [23]. This value is
compatible with, and considerably more precise than, the predicted value from lattice QCD [4] and
sum rule [9] calculations of 18.4+0.7−1.2 ps

−1 [24].

3.2 Measurement of CPV in 𝑩 → 𝒉𝒉(′) and 𝑩0 → 𝑫∗𝑫 decays at LHCb

The LHCb collaboration reported measurements of time-dependent CP asymmetries of 𝐵0 →
𝜋+𝜋− and 𝐵0𝑠 → 𝐾+𝐾− and of time-integrated CP asymmetries in 𝐵0 → 𝐾+𝜋− and 𝐵0𝑠 → 𝐾−𝜋+

decays [22]. These are based on the 𝑝𝑝 collisions collected during Run 2 of the LHC in 2015
and 2016 and correspond to an integrated luminosity of 1.9 fb−1 at a centre of mass energy of
13 TeV. The measurements are combined with Run 1 results [25], yielding, in 𝐵0𝑠 → 𝐾+𝐾−,
𝐶𝐾𝐾 = 0.172 ± 0.031, 𝑆𝐾𝐾 = −0.139 ± 0.032 and 𝐴ΔΓ

𝐾𝐾
= −0.897 ± 0.087. The combined

time-dependent CP asymmetry in 𝐵0𝑠 → 𝐾+𝐾− decays of the parameters 𝐶𝐾𝐾 , 𝑆𝐾𝐾 , 𝐴ΔΓ
𝐾𝐾
is the

first observation of time-dependent CP violation in the 𝐵0𝑠 system, excluding the hypothesis of CP
conservation by more than 6.5𝜎; in 𝐵0 → 𝜋+𝜋−,𝐶𝜋𝜋 = −0.320±0.038 and 𝑆𝜋𝜋 = −0.672±0.034;
in 𝐵0 → 𝐾+𝜋− and 𝐵0𝑠 → 𝐾−𝜋+, 𝐴𝐶𝑃 (𝐵0) = 0.0831 ± 0.0034 and 𝐴𝐶𝑃 (𝐵0𝑠) = −0.225 ± 0.012.
The measurements of 𝐶𝜋𝜋 , 𝑆𝜋𝜋 , 𝐴𝐶𝑃 (𝐵0) and 𝐴𝐶𝑃 (𝐵0𝑠) are the most accurate to date and are
compatible with previous results provided by the B-factories [26, 27]. The world average of
𝛼 as calculated by HFLAV in an isospin analysis of time-dependent CP-violating parameters in
𝐵0 → 𝜋+𝜋−, 𝜌𝜋, 𝜌𝜌 decays is shown in Fig. 2. It yields

(
85.4+4.8−4.3

)◦
[1].
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1
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Figure 2: World average of 𝛼 (black line) and for the individual decay modes (coloured lines) [1].

LHCb reported the first measurement of CP violation in 𝐵 → 𝐷∗±𝐷∓ at LHCb using the full
Run 1 and Run 2 data set, corresponding to an integrated luminosity of 9 fb−1 [28]. These decays are
mediated by a 𝑏 → 𝑐𝑐𝑑 transition sensitive to 𝛽. In addition, a penguin contribution at the level of a
few percent is expected. Therefore, a comparison of time-dependent asymmetries in 𝐵 → 𝐷∗±𝐷∓

with those measured in 𝑏 → 𝑐𝑐𝑠 transitions is a probe for physics beyond the Standard Model.
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LHCb measures 𝑆(𝐷∗𝐷) = −0.861±0.077(stat)±0.019(syst), which is compatible with the LHCb
combination in 𝑏 → [𝑐𝑐]𝑠 decays, and the results of all CP-violating parameters are in a good
agreement with previous measurements of the B-factories [29, 30]. The precision of Δ𝐶 (𝐷∗𝐷)
and 𝐶 (𝐷∗𝐷) is comparable with that of previous measurements, while for 𝑆(𝐷∗𝐷), Δ𝑆(𝐷∗𝐷) and
𝐴(𝐷∗𝐷), this measurement improve significantly the precision of the current world average [1].
The measurement excludes the hypothesis of CP conservation at more than 10𝜎.

3.3 Measurement of the CP-violating phase 𝝓𝒔 at the LHC

The ATLAS, CMS and LHCb experiments reported measurements of the CP-violating phase
𝜙𝑠 and lifetime and mixing observables in the decay mode 𝐵0𝑠 → 𝐽/𝜓(``)𝜙 [31–33] using Run 2
LHC data. The results in 𝜙𝑠 are in a good agreement while the time and angular observables exhibit
tensions at the level of several𝜎. Theworld averages of these and previous 𝜙𝑠measurements [31–43]
are 𝜙𝑠 = −50 ± 19 rad and ΔΓ𝑠 = 0.077 ± 0.006 ps−1 [1] and are illustrated in Fig. 3.

-0.5 -0.3 -0.1 0.1 0.3
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s [rad]

0.05

0.07

0.09

0.11

0.13s[p
s

1 ]
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*
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(  log  = 1.15)
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Figure 3: Measurements of 𝜙𝑠 and ΔΓ𝑠 with individual 68% confidence-level contours from measurements
of ATLAS [31, 39, 40], CDF [42], CMS [32, 41], D0 [43] and LHCb [33–38] and the combined contour
(black solid line and shaded area), as well as the Standard Model predictions (white rectangle) [45–47].

A first measurement of 𝐵0𝑠 → 𝐽/𝜓(𝑒+𝑒−)𝜙 based on Run 1 data was reported by LHCb [44].
The yield of the 𝐵0𝑠 → 𝐽/𝜓(𝑒+𝑒−)𝜙 sample corresponds to about 10% of the 𝐵0𝑠 → 𝐽/𝜓(`+`−)𝜙
mode [34]. The results, 𝜙𝑠 = 0.00 ± 0.28 ± 0.07 rad, ΔΓ𝑠 = 0.115 ± 0.045 ± 0.011 ps−1 and
Γ𝑠 = 0.608±0.018±0.012 ps−1 are consistent with previousmeasurements [33, 38], SM predictions
fromglobal fits to experimental data [46, 47] and showno evidence ofCP violation in the interference
between 𝐵0𝑠 meson mixing and decay.

3.4 Penguin effects in 𝑩0
𝒅
→ 𝑱/𝝍𝑲0

S and 𝑩0
𝒔 → 𝑱/𝝍𝝓

The discovery of New Physics contributions to the CP-violating phases 𝜙𝑑 and 𝜙𝑠, associated
with mixing between neutral 𝐵0𝑞 and 𝐵

0
𝑞 mesons (𝑞 = 𝑑, 𝑠), relies both on improved experimental

measurements and on equally small theoretical uncertainties associated with the interpretation of
these results. To achieve the latter, it is necessary to control contributions from higher-order decay
topologies, which are often still neglected today, in all the decay channels that are used to measure
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𝜙𝑑 and 𝜙𝑠. In particular, this applies to the doubly Cabibbo-suppressed penguin topologies affecting
the decay channels 𝐵0

𝑑
→ 𝐽/𝜓𝐾0S and 𝐵

0
𝑠 → 𝐽/𝜓𝜙, which are considered the golden modes for

the determination of 𝜙𝑑 and 𝜙𝑠, respectively. Due to the presence of these penguin topologies,
the CP asymmetries in 𝐵0

𝑑
→ 𝐽/𝜓𝐾0S and 𝐵

0
𝑠 → 𝐽/𝜓𝜙 only allow us to measure effective mixing

phases 𝜙eff𝑞 , which are related to 𝜙𝑞 via hadronic shifts Δ𝜙𝑞. The Δ𝜙𝑞 are of the same order as the
current experimental uncertainties to 𝜙eff𝑞 and thus will become the dominant sources of systematic
uncertainty in the determination of 𝜙𝑑 and 𝜙𝑠 if penguin effects remain unaccounted for.

The penguin shifts Δ𝜙𝑞 can be determined with a strategy employing the 𝑆𝑈 (3) flavour
symmetry of QCD, as discussed in Ref. [48]. At the CKM 2021 conference, updated results
from this analysis were presented. From a simultaneous analysis of the decays 𝐵0

𝑑
→ 𝐽/𝜓𝐾0S and

𝐵0𝑠 → 𝐽/𝜓𝜙 and their penguin control modes 𝐵0𝑠 → 𝐽/𝜓𝐾0S, 𝐵
0
𝑑
→ 𝐽/𝜓𝜋0 and 𝐵0

𝑑
→ 𝐽/𝜓𝜌0, we

find
𝜙𝑑 =

(
44.4+1.6−1.5

)◦
, 𝜙𝑠 = −0.074+0.025−0.024 = (−4.2 ± 1.4)◦ . (6)

Comparing these fit values with the experimental inputs

𝜙eff
𝑑,𝐽/𝜓𝐾 0 = (43.6 ± 1.4)◦ , 𝜙eff

𝑠,𝐽/𝜓𝜙 = −0.071 ± 0.022 = (−4.1 ± 1.3)◦ (7)

clearly shows the small, but non-negligible impact of the penguin topologies in these decays.

4. Time-dependent measurements at Belle and Belle II

Measurements of decay-time dependent CP violation with 𝐵0 mesons are central in the physics
program of Belle and of its upgrade Belle II. In particular, mixing-inducedCP violation in tree-level
𝐵0 → 𝐽/𝜓𝐾0

𝑆
decays gives access to the CKM angle 𝛽. Belle II aims at reducing the uncertainty

on 𝛽 by a factor ∼ 5 with respect to the current world average to reach a precision of ∼ 0.2 deg [49].
In addition to this precision measurement, time-dependent CP violation is used as a probe for New
Physics in rare, penguin mediated, 𝐵0 decay.

One example of a penguin mediated transition is the 𝐵0 → 𝐾0
𝑆
𝐾0
𝑆
𝐾0
𝑆
decay. The SM predicts

no direct CP asymmetry in this decay, A = 0, and the time-dependent CP violation parameter is
expected to be S = − sin 2𝛽. The time-dependent analysis of this decay is performed using the full
Belle dataset, corresponding to 711 fb−1 of 𝑒+𝑒− collision data at the Υ(4𝑆) resonance. The clean
environment of Belle is especially suited for this measurement, as all tracks coming from the 𝐾0

𝑆

mesons are detached from the 𝐵0 decay vertex. Therefore, to measure the position of the 𝐵0 decay
vertex, needed to compute the decay time, the intersection between the lines of flight of the 𝐾0

𝑆

mesons and a constraint constructed from the known position of the 𝑒+𝑒− collision point is used. The
analysis finds S = −0.71± 0.23 (stat.) ± 0.05 (syst.) andA = 0.12± 0.16 (stat.) ± 0.05 (syst.) [50],
compatible with the SM expectation.

In preparation for precision analyses, the Belle II collaboration has performed several mea-
surements illustrating the nominal performance of the detector for time-dependent studies. Us-
ing 34 fb−1 of data collected until summer 2020, the time-dependent CP-violation parame-
ter in 𝐵0 → 𝐽/𝜓𝐾0

𝑆
decays is measured to be S = 0.55 ± 0.21 (stat.) ± 0.04 (syst.). Using

the same data and 𝐵0 → 𝐷−𝜋+ decays, the 𝐵0 − 𝐵
0 oscillation frequency is measured to be

Δ𝑚𝑑 = 0.531 ± 0.046 (stat.) ± 0.013 (syst.) ps−1, both compatible with the world average. Using

8
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63 fb−1 and hadronic 𝐵0 channel, a time integrated analysis is performed to extract the effective
tagging efficiency Ytag = (30.0 ± 1.3)% [51]. The performance of the Belle II flavour tagger
is hence already comparable to the Belle one (Ytag = (30.1 ± 0.4)% [52]) at this early stage of
data taking. Finally, using 72 fb−1 of data, the Belle II collaboration provides the most precise
measurement of the 𝐷0 and 𝐷+ lifetimes to date: 𝜏(𝐷0) = 410.5 ± 1.1 (stat.) ± 0.8 (syst.) fs and
𝜏(𝐷+) = 1030.4± 4.7 (stat.) ± 3.1 (syst.) fs. This high level of precision illustrates the good perfor-
mance of the upgraded vertex detector, including the new pixel detector situated 1.4 cm from the
𝑒+𝑒− interaction region, and of the accuracy of the alignment of the tracking system.

5. Puzzles in the 𝑩0
𝒔 → 𝑫∓

𝒔 𝑲
± system

The 𝐵0𝑠 → 𝐷∓
𝑠𝐾

± system, consisting of pure tree decays, is particularly interesting for testing
the SM description of CP violation [53–55]. An intriguing value of the angle 𝛾 of the Unitarity
Triangle (UT) was reported by LHCb [56]. In order to gain a better understanding of this result,
Malami and collaborator Fleischer have performed a transparent analysis of the corresponding CP
asymmetries, obtaining the value of 𝛾 =

(
131+17−22

)◦ [57, 58], which is in excellent agreement with the
LHCb picture. Here, they have paid special attention to discrete ambiguities, resolving a remaining
final one and using a value of the 𝐵0𝑠 − 𝐵

0
𝑠 mixing phase 𝜙𝑠, which includes penguin corrections.

This surprisingly large result is in tension with global analyses of the UT, which give values around
70◦ [1, 59].

Complementing the CP-violating observables with information from branching ratios, one
arrives at another puzzling situation. The individual branching ratios of the two decay channels
are first determined from the data. For the theoretical SM interpretation, these are converted into
effective colour factors |𝑎1 |, characterising colour-allowed tree decays. To this end, information
from 𝐵 (𝑠) semileptonic decays is utilised, allowing the extraction of these parameters in the cleanest
possiblewaywith respect to uncertainties fromCKMparameters and hadronic form factors. A prime
example, where QCD factorisation [60] is expected to work excellently, is the 𝐵0𝑠 → 𝐷+

𝑠𝐾
− channel.

One finds that additional contributions from exchange topologies, which are non-factorisable, play
a minor role and do not indicate any anomalous behaviour. A surprisingly small value of |𝑎1 | is
obtained, which is in tension with the theoretical prediction [61]. A similar pattern arises in the
𝐵
0
𝑠 → 𝐾+𝐷−

𝑠 channel. Applying this method also to other 𝐵 (𝑠) decays with similar dynamics to
complement the analysis, one arrives at consistent results, thereby making the intriguing situation
even more exciting.

In view of these puzzles, Fleischer andMalami have developed amodel-independent formalism,
generalising the analysis of the 𝐵0𝑠 → 𝐷∓

𝑠𝐾
± system to include NP effects. They go beyond

assumptions made in the LHCb analysis [56] and apply their strategy to the current data. This
allows the calculation of correlations between the NP parameters and their CP-violating phases.
They find that they can describe both the CP violation and the branching ratio measurements with
NP contributions at the level of 30% of the SM amplitudes. This strategy can be fully exploited in
the future high precision era of 𝐵 physics. It is exciting to see whether the tantalising question can
be answered: Could new sources of CP violation be established?

9
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6. New ideas for 𝝓2 (𝜶) measurements

Although 𝜙2 has become the least known experimental input to fits of the Unitarity Triangle, a
number of technical challenges may limit potential improvements of its precision if not addressed.
For the record, measurements are strictly sensitive to the weak phase −2𝜙1−2𝜙3 (−2𝛽−2𝛾). While
there is no practical difference when constraining the Standard Model, the distinction does become
important for example, when parameterising possible New Physics contributions in neutral 𝐵 − 𝐵
mixing. Four analysis strategies are proposed to improve the interpretation of 𝜙2.

Firstly, the analysis space of 𝐵0 → 𝜌0𝜌0 can be increased to include interfering 𝐵0 → 𝑎±1 𝜋
∓

decays in a time-dependent flavour-tagged amplitude analysis. The known penguin contamination
in 𝐵0 → 𝑎±1 𝜋

∓, will prevent the 𝐶𝑃-violating parameter of each amplitude contribution from
factorising in the isobar sum, thereby allowing an effective 𝜙2 to be determined unambiguously
within the range [0, 180]◦ [62]. Consequently, a single 𝜙2 solution as constrained from the SU(2)
isospin analysis [63] is also resolved.

With the approach described above, the effective weak phases of 𝐵0 → 𝑎±1 𝜋
∓ will also be

resolved without ambiguity in the range [0, 180]◦. An amplitude analysis of the 𝐵+ → 𝐾0
𝑆
𝜋+𝜋−𝜋+

is proposed to determine the complex couplings of the 𝐵+ → 𝐾01𝐴𝜋
+ and 𝐾0𝑎+1 contributions, the

𝐾1𝐴 being the 3𝑃1 partner of the 𝑎1. In a subsequent SU(3) analysis, the number of 𝜙2 solutions
is reduced from 8 [64] down to 1 [65]. More importantly, these amplitude analyses also offer
sufficient degrees of freedom to constrain non-factorisable SU(3)-breaking effects for a precision
measurement of 𝜙2, providing a consensus is eventually achieved on the 𝐾1 mixing angle.

Given that the dipionmasses aremodelled in any analysis of the 𝐵 → 𝜌𝜌 system, a new source of
𝜙2 bias is identified in addition to those already established in 𝐵 → 𝜌𝜌, including 𝜌0−𝜔mixing [66]
and the finite 𝜌 width [67]. A lack of coordination in how systematic uncertainties arising from the
𝜌 pole properties are propagated can also lead to a non-negligible bias [68]. This effect can even be
exacerbated in combination with the 𝜙2 measurement coming from 𝐵0 → (𝜌𝜋)0. By applying the
same systematic variations to all measurements containing a 𝜌 mesons, the systematic covariance
matrix that ensues will eliminate such bias in the 𝜙2 combination.

In the final improvement, a rescaling of the SU(2) isospin triangles is suggested by dividing
through by the base length [69], which can be considered a nuisance parameter in the pursuit of
𝜙2. The isospin triangles would then be constrained by ratios of branching fractions instead of their
absolute measurements. As ratios are much cleaner experimentally through the cancellation of
several systematic uncertainties, this approach paves the way to a more systematically sustainable
𝜙2 analysis. Interestingly, this approach also opens the possibility for LHCb to make an independent
measurement of 𝜙2, exploiting a peculiarity in the 𝐵 → 𝜌𝜌 triangle geometry. As these triangles
are known to be essentially flat, a meaningful constraint of 𝜙2 can nevertheless be achieved without
the need for a time-dependent flavour-tagged analysis of 𝐵0 → 𝜌+𝜌−, with its measured yield being
as small as a few hundred events.

7. Global fits to the Unitarity Triangle

Here, we summarise the contributions on the latest status of UTFit and CKMFitter.
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7.1 Updates in the Unitarity Triangle fits with UTfit

Flavour physics provides some of the most stringent tests of the SM. In the last two decades,
the UTfit collaboration has regularly provided updates of the Unitarity Triangle (UT) analysis,
constantly improving the knowledge of the CKM matrix parameters [70, 71]. The UT triangle
fit [72] has been performed in two different scenarios. The first is a SM analysis aiming to make
comparisons with SM predictions and assess their compatibility. The latter is a NP analysis in which
the most generic NP loops are added to the SM structure to probe their contribution to Δ𝐹 = 2
tranistions.

Using the most up-to-date experimental, phenomenological and LQCD inputs within theUTfit
Bayesian framework, a global fit is performed to determine the CKM matrix parameters 𝜌 and [.
Their values are found to be 0.155 ± 0.011 and 0.350 ± 0.010, respectively. The SM fit results in
the 𝜌 − [ plane are shown in the left part of Fig. 4. This analysis shows a very good compatibility
with the SM, but the historical tension between the inclusive and exclusive determinations of |𝑉ub |
and |𝑉cb | is still present and more data will be needed to clarify the picture.

The NP analysis exploits additional inputs to search for contributions beyond the SM. The
results show a good compatibility with the SM expectations, but NP contributions at the 10 − 20%
level are still allowed. The results can also be translated into allowed ranges for the Wilson
coefficients of the effective Hamiltonian [47]. For example, by considering a generic strongly
interacting theory with arbitrary flavour structure one can obtain lower bounds for the NP scale (Λ).
They are shown for different Wilson coefficients in the right part of Fig. 4. The strongest bound
on the NP scale comes from Im CK of the fourth coefficient and corresponds to Λ > 4.3 · 105 TeV.
This confirms the great power of flavour physics in imposing constraints on quantities not currently
reachable with direct searches.
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Figure 4: (Left) [ − 𝜌 plane with the results of the SM fit for the UT apex. The various constraints and
allowed regions (95% probability) are also shown. (Right) Summary of the 95% probability lower bound on
the NP scale Λ for a generic NP scenario.

7.2 Updates on global fits from the CKMfitter group

The CKMfitter group aims at performing global fits of the CKM parameters by combining
efforts from both experimental and theoretical sides. In the CKMfitter, a frequentist approach
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Figure 5: Global fit results of the CKM parameters shown on �̄�-[̄ plane. Filled areas correspond to 95%
Confidence Level.

based on a 𝜒2 analysis is used to combine different measurements and lattice inputs. The Range
fit (Rfit) scheme is used to treat statistical and theoretical uncertainties, where different sources of
uncertainties from theoretical inputs are summed linearly and the final uncertainty due to theoretical
assumptions is treated as a range, instead of a Gaussian distribution [73]. The statistical uncertainty
is still considered as Gaussian like, where the central values are those determined by the range.

The latest CKM fit results with inputs till early 2021 (Moriond 2021) are shown in Fig. 5. The
𝜒2min, corresponding to a 𝑝-value of 29%, is increased slightly compared to the 2019 results [46].
The Wolfenstein parameters are determined to be

𝐴 = 0.8132+0.0119−0.0060, _ = 0.22500+0.00024−0.00022, (8)
�̄� = 0.1566+0.0085−0.0048, [̄ = 0.3475+0.0118−0.0054,

and the Jarlskog invariant to be 𝐽 = (3.044+0.068−0.084) × 10
−5. The global fits are also performed using

different sets of selected observables, such as CP violation only or CP conserving only observables,
observables determined only from tree-level processes or with loop-level processes involved etc.,
all show consistent pictures. More results can be obtained from the CKMfitter webpage.

8. New physics in 𝑩 meson mixing: future sensitivity and limitations

The planned LHCb Upgrades, Belle II and its possible upgrade, and the tera-𝑍 phase of the
proposed FCC-𝑒𝑒 program have a huge potential of unveiling New Physics (NP) contributions
affecting flavour observables [49, 74, 75]. This is illustrated for neutral meson mixing in Fig. 6,
where ℎ𝑑 and ℎ𝑠 parametrize the sizes of NP contributions relative to the SM. While presently the
bounds on NP are worse than the scale of the plots, near future bounds achievable by the end of this
decade will push these contributions below the 10% level (@ 95% CL), see the left panel of Fig. 6

12
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Figure 6: Phase I (left) and Phase III (right) sensitivities to ℎ𝑑 − ℎ𝑠 in 𝐵𝑑 and 𝐵𝑠 mixings. The SM point
corresponds to the origin. The dotted curves show the 99.7%CL (3𝜎) contours.

(Phase I: LHCb 50/fb + Belle II 50/ab). The combination LHCb 300/fb + Belle II 250/ab (named
Phase II) is expected to lead to a less impressive improvement of these constraints, by a factor 1.5
compared to Phase I. To increase the latter factor, progress is needed in key quantities beyond current
expectations, namely, the determinations of hadronic inputs (decay constants and bag parameters)
and perturbative QCD corrections, and the extraction of the CKMmatrix element |𝑉𝑐𝑏 |. Improving
the latter by a sizeable factor (namely, 20) has an effect similar to the one achievable by adding
FCC-𝑒𝑒 to Phase II, seen in the right panel of Fig. 6 (Phase III: Phase II + FCC-𝑒𝑒 tera-𝑍), which
however results from a first look into FCC-𝑒𝑒 flavour physics capabilities. These constraints on
ℎ𝑑 − ℎ𝑠 translate into sensitivities to tree level NP contributions to meson mixing at the scale of
hundreds (𝐵𝑠 mixing) to thousands (𝐵𝑑 mixing) of TeV. More details are found in [76] and in a
dedicated article in these conference proceedings.

9. Summary

Significant advances in the precision of mixing and mixing-related CP observables, both in
experiment and in theory, were presented at CKM 2021. These provide important insights into the
deeper understanding of the fundamental principles of nature.

The experimental precision in Δ𝑚𝑠 was improved by LHCb by more than a factor of three
compared to CKM 2018. The global precision on 𝜙𝑠 was improved by over 30% with the latest
ATLAS, CMS and LHCb 𝐵0𝑠 → 𝐽/𝜓𝐾𝐾 measurements, requiring a deeper understanding of the
underlying penguin contributions. At the same time, lattice QCD continues to reduce uncertainties
in hadronic matrix elements, and higher-order contributions in the heavy quark expansion are being
calculated. In a global fit to 𝐵0𝑠 → 𝐽/𝜓𝐾𝐾 , 𝐵0𝑠 → 𝐽/𝜓𝐾0S and control modes, the corresponding
penguin contributions to 𝜙𝑠 and 𝜙𝑑 were shown to be small yet non-negligible. LHCb measured
the time-dependent CP asymmetry in the 𝐵0𝑠 system for the first time, in the 𝐵0𝑠 → 𝐾𝐾 decay.
Results from Belle II early data, such as the world’s most precise measurement of 𝜏(𝐷0) and
𝜏(𝐷+), illustrate the good performance of the vertex detector, including the new pixel detector.
The latest measurements as well as the global fits to experimental data agree with the Standard
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Model predictions. Nevertheless, the increase in precision is an important step towards constraining
contributions beyond the Standard Model. Finally, to optimally exploit current and forthcoming
data, new methods are proposed that pave the way for more systematically sustainable 𝛼(𝜙2)
analyses and further constrain NP contributions in 𝐵0𝑠 → 𝐷∓

𝑠𝐾
±.
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