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Abstract. This contribution to “The XVth Quark confinement and the Hadron
spectrum conference" covers a description, both theoretical and experimental,
of the present status of a set of very different anomalies. The discussion ranges
from the long standing b→ sℓℓ anomalies, (g − 2) and the new MW anomaly.

1 Introduction

In recent years indirect New Physics searches have experienced a flourishing period. The ob-
servation of persistent (at least up to now) anomalies in a large set of observables has opened
the window to what possibly are the first hints of New Physics. Still further experimental
scrutiny is necessary to confirm or dismiss some of the observed anomalies. We will refer to
an anomaly generically as any observable exhibiting a “significant discrepancy" between SM
prediction and data.

In the round table at the Confinement XV conference we discussed three different cate-
gories of anomalies from a theoretical and experimental point of view. Therefore, we will
organize this proceeding accordingly. The three types of anomalies are: b → sℓℓ anomalies,
g − 2 and the recent W mass one that will be discussed in the following sections.

2 b→ sℓℓ anomalies: Experiment

This section presents a short review of current b-decays anomalies; existing measurements
are grouped in different classes, depending on the accuracy of their theoretical prediction.
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Figure 1: Summary of all experimental measurements on Bs → µ+µ− branching ratio.

2.1 Lepton Flavour Universal observables and B0
(s) → µµ decays

2.1.1 Bs → µ+µ− branching ratio

Decays of Bs → µ+µ− are extremely rare in the Standard Model (SM), with a branching
fraction of the order of 10−9, since they do not only proceed through loop diagrams but
are also helicity suppressed. They are considered a golden channel in flavour physics since
their branching fraction can be calculated very precisely, with an uncertainty of the order
of few percent [1, 2]. Bs → µ+µ− decays have been searched for decades till the first
observation published by the LHCb experiment in 2012 [3]. Since then, more and more data
have been collected and several updates of the same measurement have been released, making
our knowledge on the branching ratio of this decay more and more precise. Fig. 1 summarises
all the currently available measurements on the Bs → µ+µ− branching fraction, provided by
the ATLAS [4], CMS [5, 6] and LHCb [7, 8] experiments, as well as a partial combination of
the different results from the three experiments [9]. While during the last couple of years all
the measurements appeared to prefer values that were lower than the SM prediction, the latest
update from the CMS experiment [6] found a central value in line with the Standard Model:
more data will certainly help in clarifying the picture. Finally, a second global combination
of the results from the three big collaborations on the line of [9] is expected once the update
from ATLAS with the full Run 1 and Run 2 collected dataset will be released.

Moreover, with the increasing dataset, measurements of the Bs → µ+µ− effective lifetime
have become possible. While the experimental uncertainty is still large, O(10%) [6, 8], one
can expect in the future these observables to provide strong complementary constraints on
New Physics models. Finally, beyond the focus on Bs → µ+µ− decays, these analyses also
put a limit on the B0 → µ+µ− branching fraction, whose ratio with respect to Bs → µ+µ−

represents an extremely clean test of the minimal flavour violation hypothesis, as well as the
Bs → µ+µ−γ branching fraction. Both limits are found to be of the order of 2 · 10−10 [6, 8]
and 2 · 10−9 [8], respectively.

2.1.2 Lepton Flavour Universality test

In recent years, great attention from the community has been focused on a class of mea-
surements that showed some deviations with respect to the Standard Model predictions, i.e.
Lepton Flavour Universality (LFU) tests. These consist in measuring the ratio of branch-
ing fractions of the same decay process with two different lepton flavours in the final state,
namely

RX =
B(B→ Xsµ

+µ−)
B(B→ Xse+e−)

(1)
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Figure 2: Left: summary of all LFU ratios measured in b → sℓℓ decays published by the
LHCb experiment. Right: the value of RK observed by the LHCb experiment [11] compared
to the Babar [15] and Belle [16] measurements.

where Xs is a generic hadron containing a strange quark and muons or electrons as lepton
flavour final state. This ratio can then be measured in different regions of q2, the di-lepton
invariant mass squared, and compared to the Standard Model hypothesis, which predicts this
ratio to be equal to unity (in all cases where the mass of the leptons can be neglected) with
very good precision [10]. In practise, when performing this measurement in the experiment,
it is convenient to define instead the double ratio

RX =
B(B→ Xsµ

+µ−)
B(B→ Xse+e−)

·
B(B→ XsJ/ψ(→ e+e−))
B(B→ XsJ/ψ(→ µ+µ−))

(2)

which profits from the use of the high statistics control channel B → XsJ/ψ(→ ℓ+ℓ−) and
allows the cancellation of the systematic uncertainties to a large extent.

Following this strategy, the LHCb experiment measured such LFU ratios in several decay
channels: B+ → K+ℓℓ [11], B0 → K∗0ℓℓ [12], B0 → K0

S ℓℓ [13] and Λb → pKℓℓ [14] decays,
whose results are schematically collected in Fig. 2. In general, all these measurements are
found to be always below (but compatible with) the SM prediction, with the most precise be-
ing RK , which is also the one exhibiting the largest tension with the SM. Given the importance
of these anomalies and the difficulty from other experiments to provide competitive measure-
ments (Fig. 2 right shows the value of RK obtained from the LHCb experiment compared to
the other existing measurements from BaBar [15] and Belle [16]), it will be crucial to clarify
the origin of the observed deviation in the coming future. Since all these measurements are
statistically dominated, we can expect already the Run 3 of the LHC program to be able to
refine the experimental situation.

2.2 b→ sµµ observables

2.2.1 b→ sµ+µ− branching fraction

Besides double ratios, one can consider standard b → sµ+µ− branching fraction measure-
ments. From the experimental point of view, decays with muons in the final state are easier to
be analysed compared to their electron counterpart, as they can profit from higher selection
efficiency, better resolution and particle identification, etc., however, from a theoretical point
of view, B→ Xsµ

+µ− branching fractions suffer from large hadronic uncertainties. The LHCb
experiment measured these branching fractions in a variety of different final states [17–20];
for illustration, the results obtained for B+ → K+µ+µ− and Bs → ϕµ+µ− decays are reported
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Figure 3: Branching fraction measurements for (left) B+ → K+µ+µ− [17] and (right)
Bs → ϕµ+µ− [18] decays published by the LHCb experiment compared to the SM theo-
retical prediction.
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Figure 4: Left: all different measurements of the P′5 angular observable in B0 → K∗0µ+µ−

decays [23–26]. Right: measurement of P′5 provided by the LHCb experiment in B+ →
K∗+µ+µ− decays [27]. In both cases, the SM theory predictions from two different groups
ASZB [28, 29] and DHMV [30] are overlaid for comparison.

in Fig. 3. It is found that the experimental points always lie below the SM prediction, despite
the large theoretical uncertainty.

2.2.2 B(+) → K∗(+)µ+µ− angular observables

Thanks to the presence of a vector meson in the final state, B(+) → K∗(+)µ+µ− decays offer
a great variety of angular observables to be studied. The angular distributions of the final
state particles, in fact, are highly sensitive to New Physics contributions. In particular, the so-
called P′5 observables attracted increasing interest from inside and outside the field thanks to
its reduced theoretical uncertainty [21, 22] and a persistent set of measurements that points to
a possible deviation with respect to the Standard Model. Figure 4 collects all the available P′5
measurement in B0 → K∗0µ+µ− [23–26] and B+ → K∗+µ+µ− [27] decays. The experimental
points are found to be higher than the SM prediction, especially in the q2 region between 4
and 8 GeV2.
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Figure 5: Summary of all the published R(D(∗)) measurements [31].

2.3 Special mention to b→ cℓν̄ anomalies

A special mention among the flavour anomalies must go to a completely different class of
measurements, namely b → cℓν̄ transitions. These decays, ruled by tree-level processes in
the Standard Model, have shown another intriguing pattern of deviations. Similarly to Eq. 1,
one can create a Lepton Flavour Universality ratio based on the ratio

R(∗)
D =

B(B→ D(∗)τν̄)
B(B→ D(∗)µν̄)

, (3)

which is equally well predicted by the theory and provides a fundamental test of the SM.
During the last 10 years, measurements from different experiments have shown a consis-
tent tension with the SM prediction, with the current world average which is found to be
around three standard deviations away from the Standard Model. Figure 5 summarizes all the
available measurements in the R(D)-R(D∗) plane. This class of measurements is particularly
interesting being the only one involving τ leptons.

3 b→ sℓℓ anomalies: Theory

Flavour Changing Neutral governed decays have always played a leading role in the search
for New Physics. In recent times the decays B → Kℓℓ and B → K∗(→ Kπ)ℓℓ have been
particularly prominent. The latter 4-body decay is parametrized in terms of 4 quantities:
three angles and the dilepton invariant mass squared denoted by q2 (see Refs. [32–34] for
definitions). Moreover, all form factors that enter the matrix elements of this decay re-
duce to only two quantities, called soft form factors, in the limit that the final meson has
a large energy [35]. These quantities, of course, as any hadronic quantity, have an inherent
hadronic uncertainty associated. Looking a bit far in prehistory, already in 1995, it was re-
alized in Ref. [36] that the zero of one observable, called forward backward asymmetry of
the B → K∗ℓ+ℓ− decay exhibited an interesting property. The observable has the peculiarity
that at the value of q2 determined by its zero an exact cancellation of soft form factors at
LO occurs. This offered a strategy to identify New Physics by using a clean combination
of Wilson coefficients (see definitions below) free from soft form factors. While interesting,
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it is experimentally rather difficult to measure with high precision the position of this zero,
besides the fact that the NLO contributions affect its position. Some years later in Ref. [37]
a change of strategy was proposed, instead of using traditional observables and looking for
this zero, a method to construct a new type of observable was proposed that exhibits this
property for all q2. The observables constructed in this way should respect the symmetries of
the distribution [21, 34]. This leads to the so-called first optimized observables [37]. Further
observables were proposed in Ref. [38] and, finally, the first complete basis was presented
in Ref. [21] and it was slightly modified in Refs. [22, 39]. The observables of the complete
basis that parametrize the full distribution were called Pi

1.
In the previous section the experimental aspects of the different B-flavour anomalies were

discussed in detail. However, it may be interesting to add a few comments. In 2013 the first
anomaly in the observable P′µ5 was announced by LHCb [40]. This is one of the most tested
anomalies, not only in different updates using more and more data, but also by different ex-
periments: Belle, ATLAS and CMS (see refs in previous section). Recently, also the charged
channel has been measured by LHCb [27] finding, albeit with large errors, also a discrepancy
with SM. A different kind of anomaly, also discussed in the previous section, was observed
in quantities called RK,K∗ proposed in [41] and constructed to test violations of lepton flavour
universality. These observables, given their conceptual importance, are now under strong
scrutiny. Finally, the measurement of BBs→µµ by LHCb, CMS and ATLAS showed a com-
bined deviation from SM by about 2σ. But adding the very recent measurement by CMS [6]
(still not published) will reduce substantially the discrepancy with the SM prediction.

In order to do a combined analysis of all observables governed by the b → sℓℓ transition
it is customary to introduce an effective Hamiltonian

Hbsℓℓ
eff = −

4GF
√

2
VtbV∗ts

∑
i

CiOi + h.c.

where the relevant operators here are:

Obs
7 =

e
16π2 mb(s̄σµνPRb)Fµν , O′bs

7 =
e

16π2 mb(s̄σµνPLb)Fµν ,

Obsℓℓ
9 =

e2

16π2 (s̄γµPLb)(ℓ̄γµℓ) , O′bsℓℓ
9 =

e2

16π2 (s̄γµPRb)(ℓ̄γµℓ) ,

Obsℓℓ
10 =

e2

16π2 (s̄γµPLb)(ℓ̄γµγ5ℓ) , O′bsℓℓ
10 =

e2

16π2 (s̄γµPRb)(ℓ̄γµγ5ℓ) ,

The New Physics we are searching for is encoded inside the Wilson coefficients of these
operators. For this reason we split these coefficients in:

Ci = C
SM
i + C

NP
i (4)

Among them the Wilson coefficient Ceff
9

2 plays a leading role in our understanding of the
anomalies [42, 43].

3.1 Present: Global analyses of b→ sℓℓ transitions

Our latest most complete and updated global analysis including 254 observables from LHCb,
Belle, ATLAS and CMS was presented in Ref. [44] of which 24 are LFUV observables. The
list of observables considered includes:

1The P stands for primary, like the primary colors.
2The effective superscript is used to denote that it always appear in a certain combination with the Wilson coeffi-

cients of 4-quark operators O1−6. See Ref. [43] for a detailed discussion on the structure of this coefficient.
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• Optimized Pi from B0 → K∗0µ+µ− and FL from LHCb, ATLAS and CMS. Also the charged
one B+ → K∗+µ+µ− from LHCb.

• Low-q2 electronic observables coming from B0 → K∗0e+e−.

• Optimized Pi from Bs → ϕµ+µ−.

• Branching ratios of Bs → ϕµ+µ− (LHCb), B+,0 → K(∗)+,0µ+µ− (LHCb,CMS, Belle) also
inclusive ones from Babar.

• Branching ratio of Bs → µ+µ− combined from LHCb, ATLAS and CMS (only published
numbers).

• FL and AFB observables from CMS (neutral and charged channel).

• LFUV observables RK∗0 , RK+ , RK∗+ and RKS from LHCb and Belle.

• LFUV Q4,5 = P′µ4,5 − P′e4,5 [45] from Belle.

• Radiative decays: B→ XS γ, B0 → K∗0γ (AI and S K∗γ), B+ → K∗+γ and BS → ϕγ.

Of course, all available high and low-q2 regions are included. Other existing analyses in
the literature like the one presented in Ref. [46] differs on some aspects of the treatment of
hadronic uncertainties but contain also all available data including the Λb → Λµ

+µ− decay. It
is remarkable the very good agreement in terms of hierarchies of NP hypotheses and results
among these two independent analyses. A subset of the data mentioned above is used in
Ref. [47] and, finally, examples of bayesian analyses are presented in Refs. [48, 49] and [50]
(excluding in this latter case all high-q2 data). For a more detailed comparison among the
different analyses we refer the reader to Ref. [51].

3.1.1 Two sources of hadronic uncertainties for exclusive decays

The amplitude for the decay B→ Mℓ+ℓ− has the following structure in the SM:

A(B→ Mℓℓ) =
GFα
√

2π
VtbV∗ts[(Aµ + Tµ)ūℓγµvℓ + Bµūℓγµγ5vℓ] (5)

The study of this type of exclusive semileptonic B decays requires to control two type of
hadronic uncertainties [52]:

• Local contributions (more terms should be added to the amplitude if there is NP in non-SM
Ci), so called, form factors:

Aµ = −
2mbqν

q2 C7⟨M|s̄σµνPRb|B⟩ + C9⟨M|s̄γµPLb|B⟩ (6)

Bµ = C10⟨M|s̄γµPLb|B⟩. (7)

These form factors are computed using LCSR with either B-meson or light-meson DA plus
lattice at high-q2 (or extrapolated at low-q2). See Ref. [52] for details on our treatment of
form factors and correlations.

• Non-local contributions (charm loops): The fact that the Tµ contribution enters the same
structure as the C7,9 Wilson coefficients has been the source of endless discussions about
its role in explaining the anomalies. However, one should not forget that this contribu-
tion is q2 and helicity-dependent (in the K∗ case) and function of the external states of the
exclusive decay. Its signature can be disentangled with enough precision from a univer-
sal NP contribution (same for all bins and for different exclusive decays), by comparing
the values of CNP

9 obtained in different bins. No evident signal of an extra q2 contribution
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Figure 6: Illustration of the two types of main sources of hadronic uncertainties: form factors
and charm loops.

All LFUV

1D Hyp. Best fit 1 σ PullSM p-value 1 σ PullSM

CNP
9µ -1.01 [−1.15,−0.87] 7.0 24.0 % [−1.11,−0.65] 4.4

CNP
9µ = −C

NP
10µ -0.45 [−0.52,−0.37] 6.5 16.9 % [−0.48,−0.31] 5.0

CNP
9µ = −C9′µ -0.92 [−1.07,−0.75] 5.7 8.2 % [−2.10,−0.98] 3.2

Table 1: Most prominent 1D patterns of NP in b → sµµ for the fit to All observables or only
the LFUV subset.

has been observed, besides the explicit evaluation of the long-distance contribution (one
soft-gluon exchange) by Ref. [53] that should be included in any analysis. Furthermore, in
recent years there have been a number of different rigorous approaches [54–56] to tackle
this problem (see Ref. [51] for a discussion), with a common outcome, namely, the impos-
sibility to explain the anomalies in b→ sµµ decays using only a SM point of view.

3.2 Results of b→ sℓℓ global fits

The result of the global fit to one Wilson coefficient (or constrained pair) is presented in
Table.1 and corresponds to the updated results in Ref. [44] following the methodology in
Refs [57–59]. Some remarks are in order:

• The p-value of SM hypothesis is now 0.44% (2022) for the fit “All" and 0.91% (2022) for
the fit “LFUV".

• Still tension is observed between the “All" and “LFUV" fit due to their opposite preferences
between the two main 1D scenarios. A solution to this tension is discussed in section 3.3.

The results for the 2D (with and without LFU) and 6D New Physics scenarios can be
found in Ref. [44]. The most relevant LFU case is discussed in the next section. Finally, it
is interesting to point out what the most relevant observables tell us about specific Wilson
coefficients:

1 BBs→µ+µ− exhibits a small (but persistent) deviation from the SM. This observable drives
the contribution to CNP

10µ (positive and small) or CNP
10′µ (negative) or a combination of both or

a scalar contribution.

2 P′µ5 requires a large (in absolute value) negative contribution to CNP
9µ .
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9µ = −C
V
10µ,C

U
9 ) plane for the correspond-

ing 2D hypotheses separating the b → sµµ fit (green), the “LFUV" fit (red) and the “All" fit
(blue).

3 RX (with X = K,K∗,...) signals the presence of LFUV but they admit many solutions with
C9µ and C10µ together with their chiral counterparts that give similar results. For this reason
it is quite difficult using only these observables to disentangle the right scenario among the
different possibilities.

3.3 Solution: LFU New Physics

In order to solve the puzzling problem of the preference for C9µ New Physics hypothesis in
C9µ = −C10µ of the “All fit" and the opposite situation for the “LFUV" fit, it was proposed
in Ref. [60] to remove the hypothesis that New Physics is purely LFUV. This is implemented
by splitting the Wilson coefficients in the following form

CNP
ie = CU

i CNP
iµ = CV

iµ +CU
i (8)

where i = 9, 10. In this way,

• A common New Physics contribution CU
i to the charged leptons is introduced.

• It allows to accommodate that LFUV New Physics prefers an SU(2)L structure while LFU
New Physics is vectorial.

Fig. 7 illustrates that in the correlated C9µ −C10µ scenario the fit to only b→ sµµ observables
and the fit to only LFUV observables are in slight tension. On the contrary, in the Scenario
[CV

9µ = −C
V
10µ,C

U
9 ] called Scenario 8 in Ref. [60] (or Scenario-U, due to the presence of

Universal New Physics) there is a perfect agreement between both fits, solving the above
mentioned problem.

3.4 SMEFT connection between b→ sµµ & b→ cℓν in Scenario-U

Still in the New Physics hypothesis called Scenario-U it was shown in Ref. [61] that it is
possible to establish a connection between charged and neutral anomalies using SMEFT,

LS MEFT = LS M +Ld>4

Assuming a common New Physics explanation for RD, RD∗ and RJ/Ψ based on the SM op-
erator [c̄γµPLb][τ̄γµPLντ] with a similar size of the ratios to its SM predictions amounts to
changing the normalization of the Fermi constant for b→ cτ−ν̄τ transitions. Moreover, if this
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contribution is generated at a scale larger than the electroweak scale then one would need to
consider only the following two operators with left-handed doublets:

O
(1)
i jkl = [Q̄iγµQ j][L̄kγ

µLl] O
(3)
i jkl = [Q̄iγµσ⃗Q j][L̄kγ

µσ⃗Ll] (9)

In this case the FCCC part of O(3)
2333 would be responsible for generating RD(∗) , while the

FCNC part of O(1,3)
2333 with C(1)

2333 = C(3)
2333 (see Ref. [61]) would take care of the neutral anoma-

lies. The latter constraint among the Wilson coefficients, necessary to avoid the stringent
bounds from B→ K(∗)νν̄, has two important implications:

• It induces a huge enhancement of b→ sτ+τ− governed decays.

• Through radiative effects via a tau-loop (thanks to the insertion of the bsτ+τ− operator) it
is naturally generated a LFU New Physics contribution in CU

9 (see Fig.8).

3.5 Preferred scenarios and consistency with: ⟨P′5⟩[4,6] vs ⟨RK⟩[1.1,6]

The New Physics hypotheses with the highest PullSM, that provide a better explanation of
the data are given in Table 2. The so-called Scenario-R corresponds to the case of having a
small right-handed current contribution in the Wilson coefficients C9′µ and C10′µ that coun-
terbalances the effect of a large (in absolute value) vectorial CNP

9µ . The other option, most
promising, because as explained above is able to connect charged and neutral anomalies, is
the Scenario-U.

Figure 8: (Left) effective Oττ9 operator. (Right) Diagram inducing a lepton universal contri-
bution to CU

9 through a τ loop.
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Figure 9: (Left) Preferred regions at the 1,2 and 3σ level (green) in the CV
9µ = −C

V
10µ,C

U
9

plane from b→ sℓℓ data. (Right) ⟨RK⟩
[1.1,6] versus ⟨P′µ5 ⟩[4,6] in different NP scenarios.

, 01006 (2022) https://doi.org/10.1051/epjconf/202227401006
t h Quark Confinement and the Hadron Spectrum

EPJ Web of Conferences 274
XV

 
10



2D Hyp. Best fit PullSM p-value
Scn-R (CNP

9µ ,C9′µ = −C10′µ) (-1.15,+0.17) 7.1 31.1 %
Scn-U (CV

9µ = −C
V
10µ,C

U
9 ) (-0.34,-0.82) 7.2 34.5 %

Table 2: Most prominent 2D fits with highest PullSM.
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Figure 10: Prediction for Q[1.1,6]
5 in different scenarios of New Physics defined in Refs.[43,

44].

It is an interesting exercise to observe the consistency of the different scenarios to explain
or not the largest anomalies. Of course, this is the present picture, but it is interesting also to
use it in the near future to check if relevant changes in data can be easily accommodated or
not. In Fig. 9 it is shown that scenario U, R and a vectorial C9µ can explain naturally two of
the largest anomalies, and scenarios like C9µ = −C10µ or only C10µ cannot. A shift of RK up
or down can be naturally accommodated by the Scenario-U.

Now the last question is how to disentangle these two radically different hypotheses
(Scenario-U and Scenario-R) in the near future. This is addressed in the following section.

3.6 Future: CNP
9µ is the leading New Physics coefficient

Given the dominance of the Wilson coefficient C9µ to explain the observed anomalies3, it is
important to implement a specific analysis [43] to measure the different New Physics pieces
entering this coefficient, namely,

Ceff
9µ → C

eff
9µ j = C

SM
9µ pert + C

NP
9µ + C

cc̄ B→K∗
9µ j CNP

9µ = C
V
9µ + C

U
9 (10)

where we address the reader to Ref. [43] for the discussion on the details of this equation.
In order to separate the LFUV from the LFU part one important experimental input is

required (urgently): The measurement of an LFUV CV
9µ dominated observable: Q5 = P′µ5 −P′e5

[45]. Indeed, this observable will not only determine CV
9µ, but as it is shown in Fig.10, a

precise measurement of Q5 would be enough (and possible the only way) to disentangle the
two most relevant New Physics hypotheses in Table 2.

3After the recent measurement of Bs → µ+µ− by CMS the space for New Physics in the Wilson coefficient C10µ
has been reduced a bit more.
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Figure 11: (Left) Branching ratio of Bs → ττ normalized to its SM value as a function of
CNPU

9 for different values of the New Physics scale Λ. (Right) Branching ratio of B → K∗ττ
as a function of CNPU

9 .

Figure 12: Synthesis of possible explanations (red boxes) of the anomalies (blue boxes).
The arrows indicate to which extensions of the SM the anomalies point. Thick arrows stand
for probable explanations without significant experimental or theoretical shortcomings while
the thin ones indicate that the new particles can only partially explain the measurement or
generate problems in other observables. The red arrow indicates that the Z′ and W ′ could be
components of a single SU(2)L triplet. Figure taken from Ref. [63]

On the other side, the experimental determination of the universal piece CU
9 comes from

the measurement of P′µ5 combined with Q5 (or directly from a measurement of P′e5 ). It is
particularly interesting exploring the possible origins of this universal piece [43]. Among the
different possibilities the most appealing is the possibility to induce CU

9 via an off-shell pho-
ton penguin with the 4-fermion operator s̄γµPLb f̄γµ f being f=τ as mentioned in Section 3.4.
Therefore this possibility establishes a link between Cττ9 and CU

9 . Moreover, if assumed that
leptoquarks are the most plausible solution given that they are the only particles able to gen-
erate a large Cττ9 without being in conflict with other processes, we will naturally have also
Cττ10 with two possibilities:

• Cττ9 = C
ττ
10 in case of S 2 LQ
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hadrons

Figure 13: The diagram corresponds to the leading order hadronic vacuum polarization
(HVP) diagram contributing to aµ. The straight line correspond to muons and the curvy lines
to photons. The grey blob corresponds to non-perturbative hadronic physics.

• Cττ9 = −C
ττ
10 in case of U1 or S 1 + S 3 LQs

Then automatically a measurement of BBs→τ+τ− and/or BB→K(∗)τ+τ− will give us information
on the New Physics entering CU

9 as shown in Fig. 11.

3.7 Possible particle solutions

Finally, if one considers a larger set of anomalies (see, for instance, Ref. [62]) and try to es-
tablish links among them in terms of new particles with their corresponding new interactions
one arrives to a diagram as shown in Fig.12 (see Ref. [63] for details).

4 g − 2 anomaly: lattice

It is well known [64] that fundamental non-interacting Dirac particles have a gyromagnetic
factor of g = 2. The deviation from this value due to interactions [65] is quantified by
a = (g − 2)/2. Of particular concern is the case of the muon and the corresponding aµ.

Experimentally, the value of aµ is known to an excellent precision. The most recent
determination [66] agrees very well with [67] and the current combined experimental value
for aµ is [66]

aexp
µ = 16592061(41) × 10−11. (11)

This corresponds to a deviation of 0.35 ppm from the free value.
In the theoretical determination of aµ, many different contributions enter. Currently, a

large part of the uncertainty comes from the determination of the hadronic vacuum polariza-
tion (HVP) contribution, but also the hadronic light by light scattering (HLbL) is relevant.
In addition, electroweak and QED parts enter but with much smaller uncertainty. Here, we
focus on the HVP determination. The leading order HVP diagram is shown in figure 13. The
theoretical evaluation of this diagram is complicated by the fact that the hadronic physics
contained in it is non-perturbative.

Many determinations of the HVP contribution rely on dispersive techniques. They use
experimental knowledge of the hadronic R-ratio, the ratio of the cross section of e+e− →
hadrons and e+e− → µ+µ−, to determine aµ. In [68], the status of these calculations and other
possible approaches have been reviewed and a theoretical value of

aLO-HVP,whitepaper
µ = 693.1(4.0) × 10−10 (12)
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Figure 14: Comparison of recent lattice calculations [73–78] and dispersive calculations
[69–72] (labeled as R-ratio) of the leading order HVP contribution to aµ. (Source: [73])

is calculated from dispersive calculations [69–72]. Together with estimates of the other con-
tribution, which are also reviewed in [68], this yields the result

awhitepaper
µ = 116591810(43) × 10−11 (13)

Recently, lattice computations have become competitive in the determination of the HVP
contribution. Conceptually, since it allows to solve the theory of the strong interaction non-
perturbatively, lattice QCD+QED is very well suited to determine the HVP contribution. The
challenge lies in the required precision; to be competitive with the dispersive calculation, a
subpercent precision is required. Consequently, all sources of uncertainty, both statistical
and systematic, must be controlled to sufficient accuracy. In [73] a lattice calculation of the
leading order HVP contribution with an subpercent error has been presented. There, the
leading order HVP contribution was determined to be

aLO-HVP,BMWc.
µ = 707.5(5.5) × 10−10, (14)

a larger value than the average of [68] shown in eq. (12) based on dispersive results. A
comparison of this result with other lattice calculations [74–77] and dispersive determinations
[69–72] can be found in figure 14.

There is a tension between the experimental determinations of aµ and the value calculated
in [68] of about 4.2σ. When, however, using the result of [73] for the the leading order HVP
contribution instead of the combination of dispersive calculations, this tension is only about
1.5σ. The situation can be seen in figure 15.

4.1 The BMWc lattice calulation

In case of the lattice computation [73], key elements to achieve the necessary precision where
the determination of the lattice scale, the extrapolations to the infinite volume and continuum
limits, the reduction of numerical noise and the inclusion of isospin breaking effects due to
QED and strong isospin breaking. Here only a selection of relevant aspects can be discussed.

A large part of the calculation was carried out on a set of gauge configurations generated
with Symmanzik improved action [79] for the S U(3) gauge fields and 2 + 1 + 1 flavours
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Figure 15: Comparison of the experimental determination of aµ [66, 67] with the lattice
result of the BMW collaboration [73] and the white paper result [68]

of staggered fermions based on 4 times stout smeared [80] gauge fields. For the reference
volume with a spatial extend of L ∼ 6 fm, 27 configurations where generated that closely
scatter around the physical point. The set of ensembles features 6 lattice spacings ranging
from 0.12 fm to 0.06 fm. On top of these configurations, U(1) gauge fields in the QEDL
scheme [81] where generated. Further configurations with a different action where used for
the finite volume corrections.

For the calculation of aµ, the time momentum representation [82] was used in which the
magnetic moment can be written as a integral

aµ = α2
∫ ∞

0
dt K(t)G(t) (15)

where G(t) is the euclidean twopoint correlation function

Jµ =
1
3e

∫
d3x ⟨Jµ(x⃗, t)Jµ(0⃗, 0)⟩. (16)

Here, Jµ is the quark electromagnetic current and K(t) is a known weight function. As it
is customary in lattice computations, aµ is split into light quark (alight

µ ), disconnected (adisc
µ ),

strange (adisc
µ ) and (acharm

µ ) quark parts which can be computed separately.
For the scale setting, the mass of the omega baryon was measured on the lattice and com-

pared with the experimental value [83] to determine the lattice spacing. A careful analysis
of the relevant correlation function allowed to determine the scale with a precision of a few
permil and to calculate the intermediate scale w0 [84] with a uncertainty of four permil.

To extrapolate to the infinite volume limit, in addition to the reference volume of
Lref ∼ 6 fm used for the majority of the calculation, a big volume with Lbig ∼ 11 fm was
introduced. The difference in aµ between these volumes has been calculated with an action
that has highly suppressed taste breaking effects. The remaining small correction was cal-
culated using two loop staggered chiral perturbation theory. The validity of that method has
been verified by comparing its predictions for the difference between the large volume and
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the reference volume with the numerical lattice results. Also, other models [82, 85–88] for
finite volume effect have been studied as a comparison.

The staggered fermion formulation used introduces taste breaking correction which
strongly affect the continuum extrapolation of the light quark contribution. Therefore, taste
breaking effects where reduced by subtracting the difference between the RHO model [86, 88]
and its staggered variation (SRHO) in various time ranges. Other models for taste breaking
effects where also studied and the systematic uncertainty in the taste breaking correction
has been estimated by the comparison to NNLO staggered chiral perturbation theory in the
timerange where a correction has to be applied.

The statistical noise was reduced first by utilizing, for the inversion of the Dirac operator,
explicitly determined low modes [89, 90] and by using a method called truncated solver
method [91] or all mode averaging [92]. Also, in the case of the light quark and disconnected
contribution, upper and lower bounds [93, 94] for the euclidean correlation function of the
quark electromagnetic current where used.

Isospin breaking in QCD+QED where calculated by a Taylor expansion [95] around
isospin symmetric QCD. Here, the expansion was done separately for the electric charge of
the see (es) and the valence quarks (ev). For the final result, ev = es = e was used. Derivatives
of the expectation value of observables with respect to the valence charge, the see charge, and
the light quark mass splitting where calculated by taking either analytical derivatives or by
taking finite difference, depending on what was suitable for the term in question.

The interpolation to the physical point and the extrapolation to the continuum was
achieved by employing global fits to the lattice data. In these fits, various aspects of the
calculation where varied. For example in case of the light quark mass contribution, roughly
0.5 million fits where used. These fits where combined using an extended version of the
histogram method [96] to determine the central value and systematic uncertainty.

4.2 Comparison of window quantity

To compare different lattice calculations, often a related, but simpler to calculate quantity
awin
µ [77] is used. It can be constructed by augmenting the weight function in eq. (15) by the

window function

W(t, t1, t2) = θ(t, t1,∆) − θ(t, t2,∆) with θ(t, t′,∆) =
1
2

(
1 + tanh

(
t − t′

∆

))
(17)

It is customary to use t1 = 0.4 fm, t2 = 1.0 fm, and ∆ = 0.15 fm, although other choices
are also used. This particular choice of parameters strongly suppresses the short and long
distance part of the correlation function G(t). These suppressed parts are heavily affected
by finite lattice spacing effects in the short distance case and statistical uncertainty, taste
breaking and the finite volume in the long distance case. As a consequence, the window
quantity allows to compare lattice computations while being significantly easier to calculate
with high precision than aµ itself. Many lattice collaborations have shown results [73, 77, 97–
105] for the light quark, isospin symmetric part of this standard window. A overview can be
found in figure 16.

5 MW anomaly: Experiment

The W boson plays an important role in the well-tested Standard Model theory of fundamental
particles. Since the discovery of the weak force in radioactive decays of nuclei more than
100 years ago, this interaction has intrigued us and provided new insights into fundamental
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Figure 16: The isospin symetric, light quark component of the window quantity as de-
termined by various lattice collaborations ([77] (RBC/UKQCD 18), [97] (Aubin 19), [73]
(BMW 20), [98] (LM 20), [99] (FHM 20), [100] (ETMC 21), [101] (χQCD 22), [102]
(ABGP 22), [103] (Mainz 22), [104] (ETMC22), [105] (RBC/UKQCD 22)) and using the
R-ratio [73].

particles and their interactions at the smallest distances. The weak nuclear force revealed that
nature is parity-violating and that masses of fundamental particles are emergent properties
arising from their interaction with the Higgs condensate. These properties are embodied by
the W boson, one of the mediators of the weak force.

The latest, high-precision measurement [106] of the mass of the W boson (MW ) by the
CDF experiment at Fermilab is in significant tension with its accurately calculated Standard
Model value. This is the latest surprise in fundamental physics and promises further revela-
tions. This measurement confirms the trend that almost all previous MW measurements have
been higher than the expectation.

The mass of the W boson is theoretically linked to the Z boson mass and other parameters.
Since MZ has been precisely measured, MW is a probe of other measurable and hypothetical
parameters.

Following the discovery of the W and Z bosons, their masses were measured with a
precision of about 1%. The LEP and Tevatron experiments exceeded 0.1% precision in the W
boson mass, and LEP achieved a precision of 23 parts per million in the mass of the Z boson,
over the next two decades. Between 1995 and 2000, the Tevatron was upgraded to deliver a
factor of 100 more data than its 1992-1995 run. Using the steadily increasing data statistics
between 2000 and 2011, CDF and D0 measured the W boson mass more precisely, reaching
0.02% in 2012. At the LHC, the ATLAS experiment achieved a similar precision in 2018,
and the LHCb experiment achieved 0.04% in 2021. CDF’s 2022 result from its complete
Tevatron dataset has a precision of almost 0.01%.

Most of the complications in the MW measurement arise from the presence of the neutrino
in the W boson decay, which invisibly carries away half of the boson’s rest-mass energy. The
partial inference of the neutrino momentum is one of the reasons that each iteration of the
data analysis required many years.

The calibration of the momentum of the charged lepton (electron and muon) emitted in
the W boson decay is a crucial aspect of the analysis. A unique feature of the CDF calibration
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procedure is the application of fundamental principles of operation of the drift chamber and
the electromagnetic calorimeter. The CDF drift chamber yields the calibrated track momen-
tum of charged particles. CDF deployed a special technique to measure the positions of the
30,240 sense wires in the drift chamber to a precision of ≈ 1 µm, using an in-situ control
sample of cosmic rays. This procedure eliminated many biases in track parameters. The
magnetic field and its spatial non-uniformity is calibrated using the reconstructed invariant
mass of J/ψ → µµ decays. Momentum-dependent effects such as the ionization energy loss
in the passive material are also measured precisely. The most powerful cross-checks of these
calibration procedures are the demonstration of the consistent measurement of the Υ → µµ
mass and of the Z boson mass in both the dimuon and dielectron channels. The latter also ex-
ploits a careful geant4 calculation of the calorimeter response and its calibration from in-situ
control samples of data. Amongst all hadron-collider measurements of the W boson mass,
the three recent CDF measurements are unique in demonstrating these high-precision calibra-
tions and cross-checks from first principles. Other hadron collider measurements have solely
calibrated on the reconstructed Z boson mass. The CDF experiment also demonstrates con-
sistency between the electron- and muon-channel measurements of MW and between the MW

values extracted from the distributions of the transverse mass, the transverse momentum of
the charged lepton and the inferred transverse momentum of the neutrino. The latter provides
a cross-check of the calibration of the hadronic recoil.

Precise measurements of MW are possible in the future. The LHC experiments can be
precisely calibrated using in-situ control samples of data. Their datasets are two orders of
magnitude larger than the Tevatron, and another order of magnitude increase is expected.
A low-luminosity run to minimize pileup is being considered. An e+e− Higgs/electroweak
factory will be the ultimate precision machine for W, Z and Higgs boson properties and for
following up on the MW anomaly.

6 MW anomaly: Theory

As we discussed in the last section, the CDF measurement of the W-boson mass is very
exciting. Taken at face value, it implies significant tension with the Standard Model (SM)
prediction [107] as well as with earlier, less precise, determinations [108, 109]. While the
impact of potential beyond-the-SM (BSM) physics on the W-boson mass has previously been
considered in the literature [110–115], the new measurement has sparked a lot of interest to
understand its BSM implications. In particular, several groups studied the W-boson mass
anomaly (as we will call this from now on) in terms of the Standard Model Effective Field
Theory (SMEFT) under various assumptions to limit the number of independent operators
and associated Wilson coefficients.

Most effort has been focused on explanations through oblique parameters [116–119]
probing universal theories [120–122]. Refs. [123–128] went beyond this approach by us-
ing a more general set of SMEFT operators. For example, Ref. [123] fitted electroweak
precision observables (EWPO) under the assumption of flavor universality, finding that the
W-boson mass anomaly requires non-zero values of various dimension-six SMEFT Wilson
coefficients. An important ingredient in these fits is the decay of the muon that enters in
the determination of the Fermi constant. The hadronic counterparts of muon decay provide
complementary probes of the Fermi constant in the form of β-decay processes of the neutron
and atomic nuclei [129], and semileptonic meson decays [130]. Although the combination
of EWPO and β-decay processes has been discussed in the literature before [115, 131], very
few of the new analyses of the W-boson mass [125, 132] included the low-energy data.

In this section, we argue that not including constraints from these observables in global
fits generally leads to too large deviations in first-row CKM unitarity, much larger than the
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OHWB H†τI H W I
µνB

µν

OHD

∣∣∣H†DµH
∣∣∣2

O
(3)
Hl

(
H†i
↔
D I
µH

) (
l̄pτ

Iγµlr
)

O
(3)
Hq

(
H†i
↔
D I
µH

) (
q̄pτ

Iγµqr

)
Oll

(
l̄pγµlr

) (
l̄sγ

µlt
)

O
(3)
lq

(
l̄pτ

Iγµlr
) (

q̄sτ
Iγµqt

)
Table 3: List of the most relevant SMEFT dimension-six operators that are involved in this
analysis.

mild tension shown in state-of-the-art determinations. We also investigate what solutions to
the W-boson mass anomaly survive after including β-decay constraints [133].

6.1 Mass of the W-boson in SMEFT

We adopt the parameterization of SMEFT at dimension-six in the Warsaw basis [134–136].

Ldim-6
SMEFT = LSM +

∑
i

CiO
dim-6
i , (18)

where Ci are Wilson coefficients of mass dimension −2.
Calculated at linear order in SMEFT, the shift to W-boson mass from the SM prediction

due to dimension-six operators is given by [113, 137]

δm2
W

m2
W

= v2 swcw
s2
w − c2

w

[
2 CHWB +

cw
2sw

CHD +
sw
cw

(
2 C(3)

Hl −Cll

)]
, (19)

where v ≃ 246 GeV is the vacuum expectation value of the Higgs field, sw = sin θw and cw =
cos θw. The Weinberg angle θw is fixed by the electroweak input parameters {GF ,mZ , αEW }

[138]. Here we define δm2
W = m2

W (SMEFT) − m2
W (SM).

The mass of the W-boson receives corrections from four Wilson coefficients, namely
CHWB, CHD, C(3)

Hl , and Cll. For the corresponding operators, see Tab. 3. CHWB and CHD

are related to the oblique parameters S and T [121]. They have been thoroughly studied
for constraining ’universal’ theories [122, 139] with electroweak precision observables as
well as in light of the W-boson mass anomaly [116–119]. The linear combination of Wilson
coefficients shown in Eq. (19),

(
2 C(3)

Hl −Cll

)
, is related to the shift to Fermi constant.

6.2 EWPO fits and CKM unitarity

Under the assumption of flavor universality, 10 operators affect the EWPO at tree level, but
only 8 linear combinations can be determined by data [123]. Following Ref. [123], these
linear combination are written with Ĉi notation and given by Ĉ(1)

H f = C(1)
H f − (Y f /2)CHD, where

f runs over left-handed lepton and quark doublets and right-handed quark and lepton singlets,
and Ĉ(3)

H f = C(3)
H f + (cw/sw)CHWB+ (c2

w/4s2
w)CHD where f denotes left-handed lepton and quark

doublets, and Ĉll = (Cll)1221. Here Y f is the hypercharge of the fermion f .
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Ref. [123] reported the results of their fits including the correlation matrix from which we
can reconstruct the χ2. We obtain very similar results by constructing a χ2 using the SM and
SMEFT contributions from Refs. [140] and [137], respectively, and the experimental results
of Refs. [141–144]. For concreteness we use the ‘standard average’ results of Ref. [123], but
our point would hold for the ‘conservative average’ as well. To investigate the consequences
of CKM unitarity on the fit, we will assume the flavor structures of the operators follow
Minimal Flavor Violation (MFV) [145, 146]. That is, we assume the operators are invariant
under a U(3)q × U(3)u × U(3)d × U(3)l × U(3)e flavor symmetry. In addition, we slightly
change the operator basis and trade the Wilson coefficient Ĉll for the linear combination

C∆ = 2
[
C(3)

Hq −C(3)
Hl + Ĉll

]
, (20)

which allows for a more direct comparison to low-energy measurements. In principle one
could trade C∆ for one of the Ĉ(3)

H f coefficients instead of Ĉll, but this would not change the
determination of C∆.

We then refit the Wilson coefficients to the EWPO and obtain the results in the second
column of Table 4. In particular, we obtain

C∆ = − (0.19 ± 0.09) TeV−2 . (21)

This combination of Wilson coefficients contributes to the violation of unitarity in the first
row of the CKM matrix tracked by ∆CKM ≡ |Vud |

2 + |Vus|
2 − 1, where we neglected the tiny

|Vub|
2 corrections. Within the MFV assumption, we can write [147]

∆CKM = v
2
[
C∆ − 2 C(3)

lq

]
. (22)

The C(3)
lq operator that appears here does not affect EWPO and does not play a role in the fit

of Ref. [123]. If one assumes this coefficient to be zero, Eq. (21) causes a shift

∆EWfit
CKM = −(0.012 ± 0.005) , (23)

implying large, percent-level, deviations from CKM unitarity. We note that, to a lesser extent,
large values of C∆ and ∆CKM were already preferred by fits to EWPO before the recent CDF
determination of mW . Using an older average of determinations of mW = 80.379±0.012 GeV
[140], we find C∆ = −0.15± 0.09 TeV−2 and ∆CKM = −(0.9± 0.5) · 10−2 (assuming C(3)

lq = 0).
Based on up-to-date theoretical predictions for 0+ → 0+ transitions and Kaon decays

[148–155], the PDG average indicates that unitarity is indeed violated by a bit more than two
standard deviations [144]

∆CKM = −0.0015(7) , (24)

but in much smaller amounts than predicted by Eq. (23). This exercise shows that global
fits to EWPO and the W mass anomaly which assume MFV and C(3)

lq = 0, but include BSM
physics beyond the oblique parameters S and T, such as the one of Ref. [123], are disfavored
by β-decay data. While we did not repeat the fits of Refs. [125, 128], the central values of
their Wilson coefficients also indicate a negative percent-level shift to ∆CKM, consistent with
Eq. (23).

Indeed, combining the EWPO with ∆CKM, we find that the minimum χ2 increases by 3.3
and Wilson coefficients are shifted, as shown in Tab. 4. Again this shows that the Cabibbo
universality test has a significant impact and should be included in EWPO analyses of the
W-boson mass anomaly. These statements are illustrated in Fig. 17, which shows the values
of ∆mW = mW − mSM

W obtained by fitting EWPO alone or EWPO and ∆CKM for two single-
operator scenarios and the global analysis involving all operators.
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Figure 17: The resulting values of ∆mW = mW−mSM
W when turning on Ĉ(3)

Hl , Ĉll, and all Wilson
coefficients that are probed by EWPO. The red bars indicated the predicted ∆mW from the
EWPO fit, while the blue bars show the resulting ∆mW after inclusion of ∆CKM. The shown
values of ∆χ2, denote the differences in the minimum χ2 between the blue and red points.
The SM prediction and world average, taken from Ref. [123], are depicted by the green and
orange bands, respectively.

Result Result with CKM
Ĉ(1)
φl −0.007 ± 0.011 −0.013 ± 0.009

Ĉ(3)
φl −0.042 ± 0.015 −0.034 ± 0.014

Ĉφe −0.017 ± 0.009 −0.021 ± 0.009
Ĉ(1)
φq −0.0181 ± 0.044 −0.048 ± 0.04

Ĉ(3)
φq −0.114 ± 0.043 −0.041 ± 0.015

Ĉφu 0.086 ± 0.154 −0.12 ± 0.11
Ĉφd −0.626 ± 0.248 −0.38 ± 0.22
C∆ −0.19 ± 0.09 −0.027 ± 0.011

Table 4: Results from the dimension-six SMEFT fit of Ref. [123], before and after the inclu-
sion of ∆CKM. All Wilson coefficients are given in units of TeV−2.

Another way to proceed is to effectively decouple the CKM unitarity constraint from
EWPO by letting C(3)

lq , 0, which is consistent with the MFV approach. The ∆CKM observable
is then accounted for by a nonzero value

C(3)
lq = −(0.082 ± 0.045) TeV−2 , (25)

while the values of the other Wilson coefficients return to their original value given in the
second column of Table 4. However, care must be taken that such values of C(3)

lq are not
excluded by LHC constraints [156–162]. In particular, Ref. [163] analysed 8 TeV pp → ll
data from [164] in the SMEFT at dimension-8. Limiting the analysis to MFV dimension-six
operators, we find

C(3)
lq = −(0.028 ± 0.028) TeV−2 (Single coupling, 95% C.L.) ,

C(3)
lq = −(0.05 ± 0.1) TeV−2 (Global fit, 95% C.L.) , (26)
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Figure 18: The 1σ constraints from EWPO in green, a global (single-coupling) analysis of
LHC measurements in (dashed) red, and low-energy beta decays in blue.

when in the first line only C(3)
lq is turned on, while in second line seven operators were turned

on: C(1)
lq , C(3)

lq , Cqe, Clu, Cld, Ceu, and Ced.
The resulting constraints from EWPO, ∆CKM, and the LHC are shown in Fig. 18. As

mentioned above, a simultaneous explanation of mW and ∆CKM requires a nonzero value of
C(3)

lq , which implies effects in collider processes. The single-coupling bound from pp → ll
in Eq. (26) is already close to excluding the overlap of the EWPO and ∆CKM regions, while
a global fit allows for somewhat more room. Nevertheless, should the current discrepancy
in the EWPO fit hold, the preference for a nonzero C(3)

lq could be tested by existing 13 TeV
pp→ ll [165] and pp→ lν data [166], and, in the future, at the HL-LHC.

6.3 Flavor assumptions

In this section we choose to only consider the case of U(3)5 flavor invariance for the SMEFT
operators. Several global fits in the literature adopted the same flavor assumption [123, 125],
so that we can meaningfully compare our results. These flavor assumptions are ideal for
describing flavor-blind BSM physics and, in practice, drastically reduce the number of Wil-
son coefficients entering the fit. Relaxing this hypothesis has several implications: first,
one should consider flavor non-universal Wilson coefficients for the usual set of operators
in EWPO fits, see e.g. Ref. [128]; second, when including semileptonic low-energy pro-
cesses, one should extend the operator set to include operators with more general Lorentz
structures than O(3)

lq , such as right-handed currents [167], that provide additional ways to de-
couple the ∆CKM constraint from the W mass. The inclusion of flavor non-universal Wilson
coefficients [128] in the EWPO fit has been shown to provide a good solution to the W mass
anomaly. In this context, addressing the role of CKM unitarity constraints and lepton-flavor
universality tests in meson decays is an interesting direction.
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